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Two-Photon Ionization of Silver Clusters
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Abstract—In this paper, we calculate the two-photon ionization
(TPI) cross-section for pump-probe scheme in Ag neutral cluster. The
pump photon energy is assumed to be close to the surface plasmon
(SP) energy of cluster in dielectric media. Due to this choice, the
pump wave excites collective oscillations of electrons-SP and the
probe wave causes ionization of the cluster. Since the interband
transition energy in Ag exceeds the SP resonance energy, the main
contribution into the TPI comes from the latter. The advantage of Ag
clusters as compared to the other noble metals is that the SP
resonance in silver cluster is much sharper because of peculiarities of
its dielectric function. The calculations are performed by separating
the coordinates of electrons corresponding to the collective
oscillations and the individual motion that allows taking into account
the resonance contribution of excited SP oscillations. It is shown that
the ionization cross section increases by two orders of magnitude if
the energy of the pump photon matches the surface plasmon energy
in the cluster.

Keywords—Resonance enhancement, silver clusters, surface
plasmon, two-photon ionization.

1. INTRODUCTION

WO-PHOTON IONIZATION (TPI) is a valuable

technique for the study of small clusters due to its
ultrahigh sensitivity. The comparison of the observed TPI
spectra with results of calculations allows deducing important
information on the shape, rotational and vibrational
temperatures of the clusters with high accuracy. Clusters with
efficient two-photon absorption can find applications in
optical power limiting, nanolithography and biosensing. It is
obvious that the TPI process can be enhanced if it is assisted
by a resonant transition. In [1] was shown that the Au25
cluster is a very good two photon absorption material with a
high cross section due to intermediate resonance with size
quantized states. An interesting trend of singularity in TPA
cross-section has been observed indicating a transition from
cluster to nanoparticle behavior in gold clusters. However, to
the best of our knowledge there are no theoretical studies on
this subject, whereas e.g. for semiconductors in nanoscale
range two photon processes are well studied. Contrary to
semiconductor quantum wells where the size-quantization
effects are crucial in two-photon processes [2], in large
metallic clusters they are negligible because of smallness of
the energy quantization intervals.
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It is well known that the cross-section of single-photon
ionization of gold nanoparticles with the assistance of surface
plasmons increases by two orders of magnitude under the
condition of resonance [3], [4]. This effect takes place when
the frequency of the external field is close to the frequency of
the surface plasmon. In this case, the field inside the particle
may significantly exceed the intensity of the external field. It
is natural to assume that the described above effect can play
important role in TPI.

In this paper, we calculate the probability of TPI of silver
clusters. The energy of the first photon (pump wave) is taken
to be close to the energy of the SP resonance, and the second
photon energy (probe wave) is chosen in such way that the
total energy exceeds the ionization threshold. Here we make
essential use of the results of [3], as well as the ideology of
work [5], which allows us to consider the collective motion of
the electrons in the metal separately from motion of single
electron.

II. CALCULATION OF TPI PROBABILITY OF SILVER CLUSTER

A. Review Stage

Consider a Silver Cluster (SC) in the field of a
monochromatic pump wave, the wavelength of which is much
larger than the radius of the sphere. This means that so-called
quasi-static approximation can be applied [6]. The field inside
the sphere is the sum of the external field and the field created
by surface charge. In quasi-static approximation it has the
form (see [7])

3, 1
Eim(ﬁ’pmp):m 0 pump (1

where Egpmp is the amplitude of the external field, ¢(0) and

g, are correspondingly the dielectric constants of the metal
and the environment. Therefore the resultant field acting on

each electron from the pump field and from the all other
electrons now is E, = Re[ Ei(a))e’i‘”’]- In order to have TPI

one needs also a
u(0,)-

both pump and probe fields have the same linear polarization.
The crucial point in our study is the existence of significant

enhancement of internal field caused by SP resonance. This

effect is expressed by sharp resonance in the dependence of

Lo (Q)Z‘EI/EO‘Z on @ for silver (g(a)) is taken from [8]).

subsequent  probe  wave
3¢, . For simplicity, we assume that
g(a)p,_ ) +28,

Indeed, from (1) for g =1 we obtain sharp maximum at
frequency ~3.5 eV (see Fig. 1), due to which the TPI can be
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significantly enhanced. As it can be seen from Fig. 1, the
enhancement factor is 100.
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Fig. 1 Dependence of internal field enhancement of the pump wave
for SC in vacuum

Note that in case of gold clusters enhancing effect is much
weaker due to the fact that the electron relaxation time in Au
is a third of that in Ag [8]. It should be mentioned, that we
consider relatively large clusters for which the 1/R mechanism
of relaxation (surface scattering mechanism, see e.g. [6]) does
not contribute into the line shape which is formed mainly by
Drude mechanism.

The process under consideration is composed of two steps
[9]. First, the pump wave induces electron collective
oscillations; further the probe wave knocks one of oscillating
electrons out of the cluster. It will be shown below that the
motion of electrons participating in the first stage of the TPI is
classical. Consequently, the field created by collective
oscillations of electrons also can be considered as classical.
The process of excitation of SP by pump wave described
classically can be justified by the following reasoning.

We consider all electrons oscillating in the monochromatic
field g cos( Wp,) on the basis of quantum theory. We denote

the unperturbed wave functions as a v, ( 7,;) . Then in the first

order of the perturbation theory in the field strength the
following expression for the wave function is obtained

W;i)( '//k rt Z‘k{ ’//1 rt )

where the coefficients cy (t) are determined in a usual way in

the frame of perturbation theory. The quantum mechanical
average of the total dipole moment of all electrons p is

=X [ (7o) iy (7.e)av &)

where the summation runs over all occupied states (the Fermi
distribution at room temperature). This value is of interest
because the field inside the sphere can be linked to the dipole

moment P per unit volume of the sphere as follows (see e.g.

(7D

ﬁze(a))—ng’ %)

Note that (4) is valid in both classical and quantum
electrodynamics as it expresses a linear relationship between
the variables. Since p = < ;;) / v, where V is the sphere volume

we obtain for the mean value of P
(=S e ComdGiar O
k

where p is the charge density in the SC, and N is the number

of electrons in the particle. < 123> is the mean value of the

operator of the dipole moment over the Fermi distribution (see
[10]). This expression can be presented as

7

<13> pId) ~—o[]d4, , ©)

m

where @ is the wave function of the many electron system.
Integration is carried out over the coordinates of all electrons.
According to the central limit theorem of the probability
theory the fluctuation of such quantity is inversely
proportional to the number of particles, i.e. it is negligibly
small. This allows considering the dipole moment per unit
volume and the field inside the particle as classical quantities
with a high degree of accuracy determined by the value of the
factor of N'. This means that for large clusters the error
conditioned by classical consideration is negligibly small.
Mention that the electron which is emitted from SC during
the TPI is usually described by Schrodinger equation. The
proposed approach to describe TPI differs substantially from
the usual perturbation theory by the following. It was already
mentioned that the field inside the sphere E, (a)) is the sum of

the external field and the field created by alternating surface
charge containing the electron to be knocked out of
nanoparticle. It is clear that emission of one electron does not
sufficiently change the charge distribution and consequently
the internal field if N > 1. Thus, we apply perturbation theory
with respect to the internal field strength assuming that it
remains constant during the ionization process. This allows
considering the ionization process separately from the
collective motion, in the spirit of theory developed by Bohm
and Pines for the collective description of electron interaction
in degenerate gas [5]. However, in [5] the case of an
alternating external field is not considered. We also use the
results of [3] where a single-photon photoemission from metal
clusters assisted by surface plasmon is considered.

To calculate the TPI, we write the Schrodinger equation for
an electron in the field of two waves and solve it in a second-
order of perturbation theory. This approximation is valid if the
electric field strengths of pump and probe waves are small
enough so that the interaction energy of an electron with these
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fields are much smaller than hr;,l, where 7, is Drude
relaxation time in Ag. Thus, the TPI probability ¥, can be

expressed as
Wi =8 (a)pump > @ pope ) : WT(;JI > @)

where 7,

is the TPI probability per unit time in the absence
of SP resonance. The sought probability of the TPI turns to be

‘2 through the factor g(a)

proportional to ‘Ep,_ E s @pro m)

which is determined as
I |
)+2gm

®)

m

‘g (wpr ) +2¢,

&y @, ) =

‘s(a)

pump

The main effect in the process under consideration is

enhancing of E due to the smallness of the denominator in

(1), which does not vanish for any real @ because &(o) isa

complex function. Obviously, factor g( ® in (8) can

be expressed by the enhancement factors
(@ @) = S (@) (@) O

where o (“’w) is determined in analogous of fpmp (a)pump) as

(10)

3¢

m

g(a)p, ) +2¢,

ul0,)-

Thus, the probability of TPI strongly depends on the
dispersion of dielectric function of Ag. For this reason, the
efficiency of this process can be optimized by proper choice of
dielectric environment of SC.

III. RESULTS AND DISCUSSION

Our study of factor g( a)pru[w) shows that the high

®

pump
refractive index materials are suitable environments for
effective TPI in SC. The calculations are performed for the SC

in the environment with refractive index ;,=1.6 (gm =2.56),

that is common for high index glasses as well as for organic
materials such as proteins [11]. In this case using data of [8]
we obtain for the SP energy hw,, the value of == 3.0el, and

consequently the pump wave photon energy falls in the short
wave limit of visible range. In Fig. 2, the dependence of the
enhancement factor for the pump wave for the chosen
refractive index value is presented.

As it can be seen for the pump, the enhancement factor
exceeds one thousand due to SP resonance. Since the
ionization potential of Ag cluster is about 5 eV [12] photon
energy of probe wave exceeds 2 eV. Under these conditions
we obtain for the enhancement factor the value of 0.4 (see the
inset of Fig. 2). Thus, the net enhancement of TPI makes 400.
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Fig. 2 Dependence of internal field enhancement of the pump wave
frequency for SC in the medium with 7 = 1.6 . The inset shows the

same for the probe wave

Obviously, besides the TPI conditioned by the frequency
summation there may occur two-photon ionization at the
frequency 20,,,," However, we will not consider this channel

of TPI because it falls far from ionization threshold.
Possible application of proposed mechanism is conditioned
by high quality factor of TPI process Q= w,,/y, where y is

the FWHM of the resonance. Indeed from the Fig. 2 we have
for iy =~ 0.04eV , which gives for Q rather high value - 75.

IV. CONCLUSION

For the first time two-photon ionization is investigated
theoretically in Ag clusters. It is shown that in large clusters
with N > 1the field created by the electron -collective
oscillations can be described classically. Since the pump
photon energy is close to SP energy, the first step of the TPI
process runs with high probability. Thanks to this resonance,
the cross section of whole ionization process increases. It is
shown, that considered process is less effective in other noble
metals — Au and Cu that do not possess sharp SP resonance.
We prove that in dielectric media with refractive index of
n=1.6 the TPI probability for Ag clusters increases by one

hundred times as compared to non-resonant case. We
demonstrate that the quality factor of the considered process
reaches the value of 75.

ACKNOWLEDGMENT

This work was supported by State Committee of Science of
Ministry of Education and Science of the Republic of Armenia
in frame of the research project # SCS - 13-1C353.

REFERENCES

[1] G. Ramakrishna, O. Varavsky, J. Kim, D. Lee, and T. Goodson,
Quantum-Sized Gold Clusters as Efficient Two-Photon Absorbers. J.
Am. Chem. Soc., vol. 130, pp. 5032—5038, Mar. 2008.

[2] S. K. Avetisyan, A. O. Melikyan, H. R Minassian. Polarization
Dependence of Two-Photon Absorption in GaAs/Gal-xAlxAs Quantum
Well Structure. J. Appl. Phys. vol. 80, pp.301-303, Feb. 1996.

[3] L E. Protsenko, A.V. Uskov, Photoemission from metal nanoparticles.
Physics-Uspekhi, vol. 55, pp. 508-518, May 2012.

496



[4]
[5]
[6]
[7]
[8]
[9]
[10]

[11]

[12]

International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:9, No:8, 2015

J. G. Endriz, W. E. Spicer, Experimental Evidence for the Surface
Photoelectric Effect in Aluminum. Phys. Rev. Lett. vol. 27, pp. 570-573,
Aug. 1971.

D. Bohm, D. Pines, A Collective Description of Electron Interactions:
III. Coulomb Interactions in a Degenerate Electron Gas, Phys. Rev. vol.
92, pp. 609-625, Nov. 1953.

U. Kreibig, M. Vollmer, Optical Properties of Metal Clusters (Springer,
Berlin, 1995).

J. D. Jackson, Classical Electrodynamics. John Wily &Sons, 1999.

P. B. Johnson and R.W. Christy, Optical Constants of the Noble Metals.
Phys. Rev. B vol. 6, pp.4370-4379, Dec.1972.

P. Biagioni, M. Celebrano, M. Savoini et al. Dependence of the two-
photon photoluminescence yield of gold nanostructures on the laser
pulse duration. Phys. Rev. B vol. 80, pp. 045411/1-5, Jul. 2009.

L. D. Landau and E. M. Lifshitz, Quantum Mechanics. Non-relativistic
Theory. Pergamon Press, 1977.

Reinhard, B. M.; Siu, M.; Agarwal, H.; Alivisatos, A. P.; Liphardt, J.
Calibration of Dynamic Molecular Rulers Based on Plasmon Coupling
between Gold Nanoparticles Nano Lett. vol. 5, pp. 2246-2252, Nov.
2005.

G. Alameddin, J. Hunter, D. Cameron and M. M. Kappes, Electronic and
geometric structure in silver clusters. Chem. Phys. Lett. vol. 192,
pp-122-128, Apr. 1992.

497



