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Silver (Ag) nanoparticles with different average sizes are prepared, and the nonlinear absorption and refraction

of these nanoparticles are investigated with femtosecond laser pulses at 800 nm. The smallest Ag nanoparticles show

insignificant nonlinear absorption, whereas the larger ones show saturable absorption. By considering the previously

reported positive nonlinear absorption of 9 nm Ag nanoparticles, the nonlinear absorptions of Ag nanoparticles are found

to be size-dependent. All these nonlinear absorptions can be compatibly explained from the viewpoints of electronic

transitions, energy bands and electronic structures in the conduction band of Ag nanoparticles. The nonlinear refraction

is attributed to the effect of hot electrons arising from the intraband transition in the s—p conduction band of Ag

nanoparticles.
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1. Introduction

Noble metal (Au, Ag, and Cu) nanoparticles
(NPs) possess close-lying energy bands which allow
conduction electrons to move almost freely. At the ex-
citation of light, the oscillation of the free electrons in
the s—p conduction band gives rise to surface plasmon
resonance (SPR).[!! The SPR of Ag NPs with wave-
lengths located in the range around 420 nm is deter-
mined by the size, shapes, and surrounding materials.
The SPR of Ag NPs can lead to enhancement of the
third-order susceptibility when they are pumped by
lasers operating at the UV-visible-infrared range.['=3]
This enhancement makes Ag NPs promising for opti-
cal applications such as light-switch, optical limiting,
surface-enhanced Raman scattering, etc.!4~7)

In recent years, there has been much research on
the nonlinear optical properties of Ag NPs.[1—5:8-20]
These studies have revealed that Ag NPs with differ-
ent sizes and shapes exhibit different nonlinear prop-
erties when they are excited by lasers with different
wavelengths, pulse durations, and irradiation intensi-
ties. Indeed, there are several systematic investiga-

DOI: 10.1088/1674-1056,/21 /4/047804

tions concerning the nonlinear properties of Ag NPs.
For example, Hamanaka and co-wokers!8! explained
the nonlinear properties around the SPR of Ag NPs
(with average diameters of 7 nm and 9 nm) which
were excited by 150-fs laser pulses. Rativa et al.[>’]
reported the positive nonlinear absorption of 9 nm Ag
NPs, which was excited by 80-fs lasers at 800 nm.
References [10] and [11] reported the saturable absorp-
tion (SA) of Ag NPs, which was excited by picosecond
lasers at 532 nm and attributed to intraband transi-
tion in the conduction band. This SA is intensity-
dependent, which can be transformed into positive
nonlinear absorption when the irradiation intensity
increases. Gurudas and co-workers!*!] explained this
transformation.

However, in Refs. [8] and [20], the detailed elec-
tronic transitions were not explained because the cor-
responding models were based on classical electron-
ics. And in Refs. [10] and [11], the SA is affected by
the positive nonlinear absorption, that is, the non-
linear absorption is intensity-dependent. In fact, the
nonlinear optical properties of Ag NPs can be size-
dependent. However, to the best of our knowledge,
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for the size-dependent nonlinear absorption, a quan-
titative and comprehensive investigation, along with
a discussion from the viewpoint of energy band and
electronic structures, is still missing so far.

We prepared three batches of Ag NPs with dif-
ferent average sizes by employing a chemical method
and a laser ablation method. The nonlinear optical
properties of these NPs are investigated using the Z-
scan technique with a 120-fs laser pulse at 800 nm.
The nonlinear absorption of the smallest Ag NPs is
insignificant, however, the two batches of larger Ag
NPs are found to be pure SA even when the intensity
is increased to relatively high values. By considering
the nonlinear absorption of Ag NPs in our experiment,
along with that of Rativa and co-workers,2?! at the
excitation of femtosecond laser pulses at 800 nm, size-
dependent nonlinear absorption is found. All these
nonlinear absorptions can be compatibly explained
from the viewpoints of electronic transitions, energy
band, and electronic structures in the conduction band
of Ag NPs. We have also carried out Z-scan experi-
ments with a 30-ps laser pulse at 1064 nm, as well
as light fragmentation experiments using femtosecond
lasers at 800 nm to test our explanation. The non-
linear refractions of the two batches of larger Ag NPs
at 800 nm are found to be self-focusing, and the non-
linear refractions are explained. The Ag NPs with
the smallest size of 6 nm show insignificant nonlinear
refraction.

2. Experimental details

According to the method reported by Lee and
Meisl,2Y) two batches of silver colloids are prepared,
and the third batch of silver colloid is prepared by laser
ablation on the as-produced silver colloids. Nanosec-
ond laser pulses at 532 nm are focused by a lens with
focal length of 20 cm. Part of the as-prepared sil-
ver colloid is filled in a cuvette which is placed at the
focus. The focused laser pulses without any attenua-
tion lead to the photofragmentation of silver colloids,
and, accordingly, smaller Ag NPs are produced. The
absorption spectra of the as-processed colloids are ac-
quired using a spectrophotometer (Shimadzu Corpo-
ration, UV-1800). TEM observation for the size dis-
tributions of the precipitated Ag NPs are carried out
with a JEM 1400 transmission electron microscope
(JEOL Ltd.).

The nonlinear optical properties of silver colloids

(22] The non-

are investigated using a Z-scan technique.
linear absorption can be revealed by studying the
transmittance of the open aperture (OA) Z-scan ex-

periment, and the nonlinear refraction can be revealed

from the transmittance of the closed aperture (CA)
Z-scan experiment divided by that of the open aper-
ture (i.e. CA/OA).?2 The open and closed aperture
Z-scan can be performed simultaneously. A regener-
ative amplified Ti:sapphire femtosecond laser system
(Coherent Inc., Legend), which produces a laser pulse
at 800 nm is used to perform the Z-scan experiments.
Laser pulses with repetition of 200 Hz and pulse dura-
tion of 120 fs are focused by a lens with a focal length
of 20 cm.

3. Results and discussion

3.1. Characterization of the sample

For the two batches of silver colloids prepared by
the method of Lee and Meisl, the absorption spectra
are shown in Fig. 1, with the SPR peaks at 420 nm
and 430 nm, and the colloids are labeled as S1 and S2,
respectively. Part of S1 is filled in a cuvette, which is
photo-fragmentated by the nanosecond laser pulse at
532 nm. The colour of the colloid turns from gray
to yellow with the elapsing of continued laser irradia-
tion. Accordingly, the absorption spectrum changes,
as shown in Fig. 1, and the sharp SPR peak at 395 nm
indicates that the Ag NPs are small and monodis-
persed. This colloid is labeled as S3. For S1 and
S2, TEM photographs show that most of the Ag NPs
are in the shape of hexagons, and a few of them are
rod-shaped, as shown in Figs. 2(a) and 2(b). The
quantitative measurements of S1 and S2 indicate that
these NPs are narrowly distributed with average sizes
of 33 nm and 46 nm, as shown in Figs. 2(d) and 2(e),
respectively. For S3, the TEM photograph shows that
the shapes of NPs are spherical with an average di-
ameter of 6 nm, as shown in Fig. 2(c), and their size
distribution is shown in Fig. 2(f).
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Fig. 1. (colour online) Absorption spectra of silver col-
loids with different nanoparticle sizes. The average parti-
cle sizes of S1, S2, and S3 are 33, 46, and 6 nm, respec-
tively.
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Fig. 2. (colour online) TEM pictures of Ag nanoparticles and their corresponding size distributions. (a), (b), and (c)
are the TEM pictures of S1, S2, and S3, respectively; and (d), (e), and (f) are the size distributions of S1, S2, and S3,

respectively.

When the large Ag NP is irradiated by the high-
intensity and long-duration laser pulses, electrons in
the NP can be highly excited. The energy absorbed
from the laser pulse leads to an increase in the temper-
ature of NP, and the NP melts at great heat. Part of
the electrons can be sufficiently excited, and some of
the electrons can even be photoejected out of the NP
and rest on the interface of NP and the solvent. The
accumulated electrons on the surface of the molten
NP lead to an explosion, so the molten fragments are
sputtered into the solvent and cooled down, and the
surface tension will result in the formation of smaller
spherical NPs. At a given value of the irradiation in-
tensity, this process can be repeated until the major-
ity of Ag NPs become too small to absorb the energy
sufficient for their melting from the laser beam.?3! Ul-
timately, small spherical Ag NPs with narrow size dis-
tribution are produced.

3.2. Nonlinear optical properties of Ag
NP solution

The as-prepared silver colloids are filled in a glass
cell with an inner optical path of 1 mm; and the val-
ues of linear transmittance for S1 and S2 at 800 nm
are 83% and 80%, respectively. Herein we present
the results of the Z-scan experiments in Figs. 3 and
4. Figure 3(a) shows the OA Z-scan results of S1
obtained at intensities of 8.32 x 104, 1.66 x 102,
and 2.5 x 10'® W/m?, which are the peak radiation

intensities at the focus. The symmetrical peaks in

the curves indicate that SA dominates the nonlinear
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Fig. 3. (colour online) The OA Z-scan experimental re-
sults (triangles and squares) and theoretical fits (solid
lines) of different Ag nanoparticles at different irradiation
intensities: (a) experimental results and theoretical fits of
S1 at 8.32x 104, 1.66 x 10'%, and 2.5x 10'®> W/m?; (b) ex-
perimental results and theoretical fits of S2 at 8.32 x 1014,
1.5 x 10, and 2.5 x 10'® W/m?, respectively.
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absorption, which keeps saturable even when the in-
tensity is as high as 4.2x 10 W/m?2. These results are
distinctly different from those in previously reported
works.[11:13:14.20] The QA Z-scan results of S2 are pre-
sented in Fig. 3 (b), where the nonlinear absorption
evolution with the increase in intensity is similar to
that of S1. The CA/OA Z-scan results of S1 and S2
are presented in Figs. 4 (a) and 4 (b), respectively.
Their nonlinear refractions are self-focusing, and they
remain unchanged as the intensity increases. The Z-
scan experiment is also performed with S3. However,
there is no nonlinear absorption and refraction can
be observed even when the radiation intensity reaches
4.2 x 10 W/m?. And the supernatant layer without
Ag NPs also shows insignificant nonlinear absorption
and refraction, indicating that the nonlinear optical
properties of S1 and S2 arise mainly from Ag NPs.
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Fig. 4. (colour online) The CA/OA Z-scan experimental

results (triangles, crosses, and stars) and theoretical fits
(solid lines) of different Ag nanoparticles at 8.32 x 1014,
1.66 x 1015, and 2.5 x 10'® W/m?; (a) experimental re-
sults and theoretical fits of S1, (b) experimental results
and theoretical fits of S2.

Because the SA dominates the nonlinear absorp-
tion in a wide range of intensities, we can adopt a
commonly accepted method to describe the OA Z-scan
results with the total absorption coefficient expressed
as

a(l)=ay+ S8I. (1)
Typically, this expression is used to describe the TPA,
with 3 being the TPA coefficient and aq being the lin-

(22]

ear absorption coefficient.!**) However, this expression

can also be used to describe SA, in which S is nega-
tive and viewed as an effective nonlinear absorption
coefficient.[10:11,15:18,24.25]  According to formula (1),

the normalized transmittance in the OA Z-scan ex-

periment can be expressed as[??!
_ (00
m=0

where qo(2,0) = BloLes/(1+ 2%/22), Iy is the peak
irradiance at the focus of the Z-scan experiment,
Leg = (1— e~“F) /g, with L being the sample length;
z is the position of the sample and zj is the diffraction
length of the beam. The results of OA Z-scan exper-
iments can be well fitted by formula (2), as shown
by the solid lines in Fig. 3, which indicates that 3 is
proper for describing the SA. The extracted ’s for
S1 and S2 are found to be unchanged with increasing
excitation energy of laser pulse, as depicted in Fig. 5.
The average value of 3 is —1.94 x 10713 m/W for S1
and —2.11 x 10713 m/W for S2.
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Fig. 5. (colour online) The effective nonlinear absorption
coefficient () as a function of the peak irradiance at focus
(o). The circles represent the data of S1 and the triangles
the data of S2.

In distinct contrast with the results we obtain in
this work phenomenologically, Rativa et al. reported
the positive nonlinear absorption of Ag NPs with an
average diameter of 9 nm, which was excited by the 80-
fs laser at 800 nm.[?°) They did not explain the origin
of the nonlinear absorption in view of the electronic
transition, but only mentioned that it was mainly due
to the creation of hot electrons; they said their results
were in good agreement with those of Hamanaka et
al. Hamanaka and co-wokers proposed a model based
on classical electronics to explain the nonlinear optical
properties around the SPR of Ag NPs (with diameters
of 7 nm and 9 nm) excited by a laser pulse of 150 fs.
They attributed the nonlinear properties to the cre-
ation of hot electrons; however, the detailed electron
transitions were also not interpreted.!®!

047804-4



Chin. Phys. B Vol. 21, No. 4 (2012) 047804

From our experiments and the work of Rativa et
al., as well as that of Hamanaka, et al., it can be clearly
seen that at excitation of the femtosecond laser un-
der almost the same condition, the Ag NPs with sizes
smaller than 6 nm exhibit insignificant nonlinear ab-
sorption, and the 9 nm NPs exhibit positive nonlin-
ear absorption; whereas the NPs larger than 30 nm
exhibit SA. As shown experimentally, it is evident
that the nonlinear absorption of Ag NPs are related
closely to their sizes, but the size effects still remain
to be further explored. Nevertheless, all the above-
mentioned size-related nonlinear absorptions, despite
the fact that they are phenomenologically different,
can be compatibly explained from the viewpoint of
electronic transition mechanisms as proposed in the
following. However, before we start the discussion, we
should first introduce the energy band and electronic
structures, as well as the electronic relaxation of Ag
NPs.

The optical properties of Ag NPs are determined
by the localized outmost electrons in the d bands and
quasi-free-electrons in the s—p conduction bands. The
d bands are fairly flat in the k space and lie about
4 eV below the Fermi level, and the d electrons have
relatively large effective masses which can only influ-
ence the transition probabilities when the excitation is
intense enough. Whereas the s—p bands are extremely
uneven, which intersects the Fermi level in some re-
gion of the k space,[?627] the s—p electrons possess ef-
fective masses which are very close to those of the free
electrons, therefore the s—p electrons can be easily in-
fluenced by the incident radiation.!»27]

The occupied density of states (DOS) near
the Fermi level can be revealed by X-ray pho-
toemission spectroscopy (XPS),[QS_SH and the un-
occupied DOS mnear the Fermi level can be re-
vealed by bremsstrahlung isochromatic spectroscopy
(BIS).[29:39] The isolated Ag atom with d bands filled
and the 5s level partly filled, possesses the outermost
electronic configuration of 4d'°5s!, which changes into
energy band structures when many atoms assemble
together to form Ag NP and bulk Ag. The bulk Ag
has spatially compact 4d bands and more extended 5s
bands,?®] therefore the 4d states are nearly filled and
the states near the Fermi level are primarily due to
the 5s state.?”) The evolution of electronic structures
with the increase in size of NP can be well character-
ized by XPS and BIS. The XPS of Ag NP is similar to
that of bulk Ag, and it changes little with the increase
in NP size,[?8] which indicates that the occupied DOS

of the 4d band of the Ag NP is nearly filled. And the
XPS shows the occupied DOS of the 4d band with a
peak at about 4 eV below the Fermi level.*8! How-
ever, the BIS changes dramatically with the increase
in Ag NP size,[?! indicating that the unoccupied DOS
of bs states are closely related to NP size. For Ag NPs
smaller than 10 nm and larger than 20 nm, the un-
occupied DOS of 5s states is schematically shown by
the orange and blue curves in Figs. 6(a) and 6(b),

respectively.!29—31]
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Fig. 6.
tronic structures and intraband transitions of Ag nanopar-

(colour online) The s—p conduction band elec-

ticles with different sizes: (a) nanoparticles smaller than
10 nm, and (b) nanoparticles larger than 20 nm. The or-
ange and blue lines are the unoccupied DOS intensities of
small and large Ag nanoparticles, respectively. The green,
orange, and blue boxes denote the ground state, the first
and second excited states in the conduction band in Ag
nanoparticles, respectively. The two blue arrows in panel
(a) are the ESA of the femtosecond laser at 800 nm, which
leads to RSA. The blue and orange arrows in panel (b) are
the SA of the femtosecond laser at 800 nm and the SA of
the picosecond laser at 1064 nm, respectively.

When the electrons in the ground state of the
conduction band are excited, they transit instantly
to excited states. During the early stage of these ex-
cited states, the electronic gas is in non-equilibrium
and not in Fermi-Dirac distribution. The excited elec-
trons exchange energy through electron—electron colli-
sions to form an internally thermalized electronic gas;
this is shown to take place with a characteristic time
constant of 350 fs.132:33] After the thermalization and
partly during this process, the electronic gas trans-
fers the energy absorbed from the laser further to the
lattice through electron—phonon coupling, which cools
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the electronic gas, and the electron—phonon coupling
time constant is 2 ps. The subsequent cooling of the
excited phonons is through phonon—solvent interac-
tion, which is completed with a decay time constant
of 40 ps.l34

Now, we come to explain the nonlinear absorption
of Ag NPs in our work and that of Rativa et al., along
with that of Hamanaka et al. The interband and intra-
band transitions can only take place distinctly when
the occupied DOS in the ground state and unoccu-
pied DOS in the excited state are sufficient.®%! So in
all cases we can safely exclude the presence of intra-
band absorption in the 4d band because the 4d states
are nearly filled. In addition, according to the energy
band and electronic structures mentioned above, the
possible interband transition of electrons between the
d bands and s—p conduction band has to overcome the
band gap of Ag NP, which is 4 eV, and does not change
with the size of the NP. The interband three-photon
transition at 800 nm (1.55 eV) may surely cause a val-
ley in the curve of the OA Z-scan.!36:37 For the pos-
itive nonlinear absorption reported by Rativa et al.,
a representative peak radiation intensity at the focus
is 1.8 x 10 W/m?; whereas in our experiments, the
SA dominates the nonlinear absorption of S1 and S2,
even if the intensity increases to 4.2x10'® W/m?. This
indicates the absence of interband three-photon tran-
sition. So the positive nonlinear absorption of Ag NPs
with an average diameter of 9 nm, and the SA of NPs
with diameters larger than 30 nm, may both originate
from the intraband absorption in the s—p conduction
band.

For the small Ag NPs with a diameter of 9 nm,
the conduction electrons will be excited to higher ex-
cited states because there are not sufficient unoccu-
pied DOS in the first-excited state to accommodate
these excited electrons, as shown by the orange box
in Fig. 6(a).
sorption (ESA),*¥ as shown by two blue arrows in

This excitation is the excited state ab-

Fig. 6(a), which can be referred to as reverse saturable
absorption (RSA) when the ESA decreases the trans-
mittance of the sample and induces an overall effect
opposite to that of SA. So the valley in the OA Z-scan
experiments of Rativa et al.,29 and the positive Im
x® predicted by Hamanaka et al.,!8 both originate
from the RSA in the conduction band. In our exper-
iments, the duration of laser pulse is 120 fs, shorter
than the time constant of the electron—electron colli-
sions in Ag NP, and the single pulse vanishes before
the thermalization of the excited electronic gas. When

electrons in the ground state in the conduction band
are excited to the first-excited state in the conduc-
tion band, all the excited electrons can be accommo-
dated in this excited state because the excitation of
the femtosecond laser is insufficient and the unoccu-
pied DOS in the first-excited state is enough, as shown
by the orange box in Fig. 6(b), which leads to the SA
of intraband transition, as shown by a blue arrow in
Fig. 6(b). This SA remains unchanged even when the
irradiation intensities are high, which leads to a to-
tal absorption coefficient proportional to the irradia-
tion intensity, and § is independent of intensity. For
S3, the occupied and unoccupied DOS in the conduc-
tion band is insufficient, so the nonlinear absorption
is insignificant. Accordingly, we believe that when the
wavelength of the excitation laser is much larger than
that of the SPR of Ag NPs, the nonlinear absorption
of Ag NPs may receive little contribution from the in-
terband transition between the d bands and the s—p
conduction band, regardless of the difference in pulse
duration of the excitation laser and the size of the
NPs. This conclusion is helpful to clarify the argu-
ment about the contribution of TPA and RSA to the
positive nonlinear absorption of Ag NPs.!'!]

From the discussion mentioned above, we can see
that the proposed transition mechanism can be ex-
tended to compatibly interpret the nonlinear absorp-
tion of Ag NPs in our experiments and that of Refs. [§]
and [20], even though the particle sizes and phenom-
ena of nonlinear absorption are quite different. For
our experiments, we can conclude that the combina-
tion of sufficient occupied DOS in the ground state
and unoccupied DOS in the first-excited state, along
with the insufficient excitation of electrons in the con-
duction band of Ag NPs, is the reason the nonlinear
absorption remains saturable. In the following, we
will conduct two experiments to test our explanations
mentioned above.

The first experiment is an OA Z-scan experiment,
which is performed under almost the same conditions
as before, but replacing the femtosecond laser with a
picosecond laser. The picosecond Nd:YAG laser (Con-
tinuum Inc., Surelite) can produce a 30-ps laser pulse
at 1064 nm at a repetition rate of 10 Hz. In this ex-
periment, the peak irradiation intensity at focus will
take 1.46 x 1013, 2.08 x 10'3, and 3.54 x 103 W/m?,
respectively. For S1 and S2, in all cases, the nonlin-
ear absorptions are dominated by SA because a peak
emerges in each transmittance curve, as can be seen
in Fig. 7, at an intensity of 3.54 x 10> W/m?2. For S3,
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no nonlinear absorption can be observed.
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Fig. 7. (colour online) The OA Z-scan experimental re-
sults of different Ag nanoparticles due to the excitation of
a picosecond laser at 1064 nm. The irradiation intensity
is 3.54 x 1013 W/n12, and the squares and circles are the
experimental data for S1 and S2, respectively.

The photon energy at 1064 nm is 1.165 eV, so
the possible interband absorption between the d bands
and the s—p conduction band is four-photon absorp-
tion, which can only happen when the irradiation in-
tensity is very high. And the intraband transition in
the d bands is negligible because the d bands are al-
most filled. So at relatively low intensity, the nonlin-
ear absorption is dominated by intraband absorption
in the conduction band. Because the pulse duration
of 30 ps is longer than the electron—phonon coupling
time constant of Ag NPs, and much longer than the
pulse duration of the femtosecond laser used in the
previous Z-scan experiments, the excitation of elec-
trons in the conduction band is more sufficient than
that of the femtosecond laser. Consequently, the SA of
S1 and S2, as shown by an orange arrow in Fig. 6(b),
can definitely lead to the conclusion that the occupied
DOS in the ground state and the unoccupied DOS in
the first-excited state in the conduction band are suf-
ficient, as shown by the green and orange boxes in
Fig. 6(b), respectively. Whereas the insignificant non-
linear absorption of S3 confirms that the occupied and
unoccupied DOS in the conduction band of small Ag
NPs is insufficient.

According to the work of Kamat et al.,[* laser
pulses can smash Ag NPs when the irradiation inten-
sity is high. They attribute the fragmentation to the
photoejection of electrons, which is physically due to
insufficient DOS in the excited states. We have per-
formed an experiment to investigate the possible frag-
mentation of Ag NPs using a 120-fs laser at 800 nm
and a repetition rate of 1000 Hz. In this experiment,
0.1 ml of sample is filled in a glass cell which is placed

at the focus of a lens. The peak irradiance at focus
is 4.2 x 10 W/m?, which is equal to the maximum
intensity in our Z-scan experiments. S1, S2, and S3
are irradiated by the laser for 3 hours, and then exam-
ined with a transmission electron microscope. How-
ever, we cannot find any evidence of the possible frag-
mentation from the TEM micrograph. These results
indicate again that, for S1 and S2, at an irradiation
intensity smaller than 4.2 x 10*® W/m?, the unoccu-
pied DOS in the excited state is sufficient to support
the SA of a 120-fs laser at 800 nm; however for S3, the
occupied DOS in the ground state is insufficient.

For the nonlinear refraction in our experiments,

the index of refraction n is expressed as/??l

n=mng+ I, (3)

where -y is the nonlinear refractive index, and ng is the
linear refractive index. The normalized transmittance
of the CA/OA Z-scan scheme can be written as(??

4A¢0!L‘

T A%) =1 = a gz 1)

(4)
where ADy = kylyLeg, k is the wave number, and I
and Leg have been defined in formula (2); x = 2/z0,
z and zp have also been defined in formula (2). To
Eq. (4), the experimental results of S1 and S2 can be
well fitted, as shown by the solid lines in Fig. 4; and
the calculated values of v at different intensities are
listed in Table 1. We can see that the values of v are
positive and small, which accords with the results of
Rativa et al.l?)

Table 1. Nonlinear refractive indexes of S1 and S2 at
different irradiation intensities.

Ip/10"* W-m~2 8.32 16.6 25
~ of $1/10720 m2.W—1 2.31 2.29 4
~ of $2/10720 m2.W—1 3.18 4.78 3.13

Generally, the nonlinear refraction arises from
the thermal effect and/or electronic mechanisms.??
The commonly mentioned thermal effect in solution
is a slow accumulative process which is associated
with the non-radiative relaxation of the energy ab-
sorbed via linear and/or nonlinear absorption by the
metal NPs. According to the work we have reported
previously,3®! for the aqueous solution in our experi-
ments, the buildup time of the thermal effect is about
30 ns, which is much longer than the duration of the
laser pulse at 120 fs. In addition, the repetition rate

of 200 Hz in our Z-scan experiments is low enough to
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reduce the accumulation of the thermal effect. There-
fore, the thermal effect can be neglected.

The nonlinear refractions of Ag NPs have been re-
ported by many researchers,3:3-13:16,17.19.20] and most
of the nonlinear refractions can be attributed to the
electronic mechanisms. The previously mentioned
model proposed by Hamanaka and co-workers pro-
vided various cases in the nonlinear refraction around
the SPR of Ag NPs.[8l According to their model, the
nonlinear refraction arises from the creation of hot
electrons. When the excitation wavelength is far from
the SPR peak of Ag NPs, the nonlinear refractive in-
dex is small, and the nonlinear refraction can be self-
focusing. The self-focusing in our experiments is well
consistent with their theory.

As discussed in the nonlinear absorption, the cre-
ation, transition, and relaxing of the hot electrons
have been discussed in detail. The intraband transi-
tion in our experiments is a pure third-order nonlinear
optical process which can also lead to the nonlinear re-
fractive index independence of irradiation intensity.!*"!
The nonlinear refractive indexes of S1 and S2 listed in
Table 1 confirm this independence, although these in-
dexes are not constant. The variation of these indexes
is induced by other experimental conditions than ir-
radiation intensity. For example, for some reasons the
spatial distribution is not so strictly Gaussian. This
distortion of the laser beam affects the results of CA
Z-scan experiments more remarkably than those of the
OA Z-scan. As for S3, the insignificant nonlinear ab-
sorption leads to the insignificant nonlinear refraction.
In a word, the self-focusing of Ag NPs originates from
the creation of hot electrons in the conduction band,
and this is a pure third-order nonlinear optical process
with the nonlinear refraction index independent of the
irradiation intensity.

4. Conclusion

In this paper, the nonlinear optical properties of
Ag NPs with different sizes have been investigated.
By considering the insignificant nonlinear absorption
of the smallest Ag NPs, and the pure SA of the two
larger sizes of Ag NPs, along with the previously re-
ported positive nonlinear absorption of 9 nm Ag NPs,
the size-dependent nonlinear absorptions are found.
These nonlinear absorptions can be compatibly ex-
plained from the viewpoint of the electronic transi-

tion mechanisms we proposed. These mechanisms can

bring new and deep insight into realizing and predict-
ing the nonlinear absorption of Ag and other noble
metal NPs. The nonlinear refractions of the larger Ag
NPs are self-focusing, which can be attributed to the
creation of hot electrons in the s—p conduction band.
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