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Abstract.  The specific features of photofragmentation of sols of 
gold nanoparticles under focused femtosecond laser pulses in IR 
(1030 nm) and visible (515 nm) ranges is experimentally investi-
gated. A high photofragmentation efficiency of nanoparticles in the 
waist of a pulsed laser beam in the visible range (at moderate radia-
tion scattering) is demonstrated; this efficiency is related to the 
excitation of plasmon resonance in nanoparticles on the blue shoul-
der of its spectrum, in contrast to the regime of very weak photo-
fragmentation in an IR-laser field of comparable intensity. Possible 
mechanisms of femtosecond laser photofragmentation of gold 
nanoparticles are discussed.

Keywords: gold nanoparticle sols, femtosecond laser pulses in IR 
and visible ranges, plasmon resonance, extinction, absorption, scat-
tering.

1. Introduction 

Femtosecond laser ablation of the surface of various materi
als  in a  liquid  is a universal method  for preparing colloidal 
solutions of chemically pure nanoparticles without any traces 
of precursors  [1]. At  the  same  time,  in contrast  to chemical 
methods  for  forming  colloidal  solutions  of  nanoparticles, 
nanoparticles obtained by laser ablation in liquids have gen
erally a rather large spread in size [2, 3].

One of the most popular methods for homogenising poly
disperse colloidal solutions of nanoparticles is their secondary 
multipulsed irradiation by ultrashort laser pulses (USLPs) in 
order  to  fragmentate  nanoparticles  [4].  In  contrast  to  the 
effect  of  short,  i.e.,  (sub)nanosecond  and  submicrosecond, 
laser pulses, the secondary effect of USLPs is a more control

lable  process,  because  incorporation  of  laser  energy  into 
nanoparticles  occurs  virtually  instantaneously  during  their 
electron – phonon relaxation; subsequent heating of nanopar
ticles leads to water boiling on their surface [5]. The physics of 
nanoparticle photofragmentation was investigated in a num
ber of studies [6, 7]; however, liquids are characterised by cer
tain  specificity  of  thermal  and  hydrodynamic  processes  of 
interaction  between  nanoparticles  and  USLPs  [8].  At  the 
same time, even the most systematic previous studies [9, 10] 
disregarded  the  very  important  effect  of  filamentation  by 
USLPs in liquids as transparent dielectric media at energies 
above  several microjoules  and  simultaneous  spectral USLP 
conversion as a result of generation of a broadband supercon
tinuum  [11,  12].  This  conversion  is  often  related  to  USLP 
splitting into several shorter subpulses [13], which can interact 
with nanoparticles in a quite a different way, for example, via 
Coulomb explosion [7]. As a result, in some cases (especially 
for IR USLPs), photofragmentation of nanoparticles  in  the 
USLP filamentation regime was accompanied by photolysis 
with unexpectedly high efficiency [9, 10], despite the fact that 
IR  scattering  from  nanoparticles  is  more  preferred  [14]. 
Correspondingly, the spectral features of nanoparticle photo
fragmentation  in  liquids under USLPs remain  insufficiently 
investigated.

In this paper we report the results of experimental study of 
the  spectral  features  of  photofragmentation  of  gold  nano
particle  sols  under  focused  femtosecond  laser  pulses  in  IR 
(1030 nm) and visible (515 nm) ranges, both in the vicinity of 
the plasmon resonance of nanoparticles and far from it. The 
experiments were performed in the regime of filamentation
free propagation of USLPs, which made it possible to study 
photofragmentation under controlled conditions of laser irra
diation. Possible mechanisms of nanoparticle photofragmen
tation are discussed with allowance for the obtained depen
dence of the nanoparticle size on the exposure time of colloi
dal solution.

2. Experimental

A  solution  of  nanoparticles  was  prepared  by  ablation  of  a 
gold target  ingot  (purity of 99.99 %) with an opticalquality 
surface in a Petri dish under a thin (~1 mm) layer of isopropyl 
alcohol,  using  USLPs  generated  by  a  laser  (Satsuma, 
Amplitude Systems) with a centre wavelength of ~1030 nm, 
pulse FWHM ~0.3 ps and energy up to 10 mJ in the TEM00 
mode; the laser beam was focused into a spot with a radius 
R1/e »  10 mm. The  laser  active medium was  an  ytterbium
doped  fibre.  The  target  surface  was  irradiated  in  the  scan 
regime at a pulse repetition rate of ~10 kHz and scan rate of 
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~50 mm s–1, which was implemented using an ATEKO galva
nometer scanner (Fig. 1).

Fragmentation  of  the  produced  colloidal  solution  of 
nanoparticles in isopropyl alcohol (volume ~2 mL) occurred 
under  exposure  to  multipulse  radiation  of  the  same  laser, 
focused inside a quartz cell 1 cm wide by a lens with a focal 

length  of  ~5.5  cm,  both  at  the  fundamental  wavelength 
(1030 nm) and at the secondharmonic wavelength (515 nm); 
the pulse width was ~0.2 ps, energy up to 4 mJ (515 nm) or 
10  mJ (1030 nm)  in the TEM00 mode. The repetition rate of 
secondharmonic  pulses was  varied  in  the  range  of  10 – 500 
kHz, and the irradiation time corresponded to the number of 
pulses N = 105 – 109, which is necessary (in the small focal vol
ume) for single exposure of the entire volume of the colloidal 
nanoparticle  solution.  During  photofragmentation,  the  cell 
was cyclically moved upward and downward on a computer
controlled motorised  stage with a velocity of  0.8 mm s–1  in 
order to mix the solution. All nanoparticle sols were investi
gated  by  optical  transmission  spectroscopy  in  a  quartz  cell 
with an optical path length of ~1  cm. To analyse the final size 
distribution of gold nanoparticles, they were deposited on an 
atomically smooth silicon plate and visualised using a JEOL 
7001F scanning electron microscope (SEM).

3. Experimental results

Colloidal  solutions  of  gold  nanoparticles were  prepared  by 
laser  ablation  of  the  surface  of  a  gold  target  placed  in  iso
propyl  alcohol,  using  IR USLPs with  energy  density F   » 
2.5  J cm–2 in the multipulse regime. The ablation effect gives 
rise to a fairly wide distribution of nanoparticle sizes (diame
ters) d:  from 5 to 100 nm (Fig. 2a), with a maximum in the 
range of d = 15 – 30 nm (Fig. 2c). The observed inhomogene
ity of the nanoparticle ensemble is apparently related to the 
hydrodynamic spread of supercritical fluid [15] (the spallation 
ablation threshold for this target in air is ~1.7 J cm–2), which 
is accompanied by not only  intense escape of vapour – drop 

Laser

BS
AA

RA

DM

PC

SHG

GS

S

L

L LC

IS

3D movable 
head

xy

z

Figure 1. Schematic  of  the  experiment  on  laser  generation  and  frag
mentation of nanoparticles using optical transmission spectroscopy in 
situ: (BS) beam splitter; (AA, RA) acoustooptic and reflection attenu
ators; (DM) dielectric mirrors; (GS) galvanometer scanner; (SHG) sec
ondharmonic generator; (S) spectrometer with a CCD array; (IS) illu
mination source;  (C) cell with a  target;  (L)  focusing  lenses;  (PC) per
sonal computer for controlling experiment and collecting data.
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Figure 2. (a, b) SEM images of gold nanoparticles and (c, d) the corresponding size distributions of nanoparticles (a, c) before and (b, d) after ir
radiation at l = 515 nm for a number of pulses N » 107.
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mixture in the form of small nanoparticles from the surface 
but also possible development of hydrodynamic instabilities 
with  formation of  jets  and  their detachment  in  the  form of 
relatively  large nanoparticles  [16]. A study of  the extinction 
spectra of the colloidal solutions of gold nanoparticles showed 
that, after their formation, the peak of extinction coefficient 
am has an FWHM ~125 nm, and  the position of  this peak 
corresponds to the wavelength l » 555 nm (Figs 3a, 3c).

Photofragmentation of  colloidal  solutions of nanoparti
cles by laser radiation with l = 515 nm after irradiation by 107 
pulses with energy of ~3.5 mJ (this value is much below the 
filamentation threshold of USLPs in isopropyl alcohol, which 
is  related  to  the  spectral  broadening  of  transmitted  pulse) 
leads to a significant size redistribution of nanoparticles. One 
can  see  that  the  fraction  of  large  nanoparticles  becomes 
smaller (Fig. 2d), while the number of smallest nanoparticles 
increases (with a simultaneous shift of their distribution peak 
to the range of diameters d = 10 – 15 nm) by a factor of about 
two in comparison with the unirradiated solution. A similar 
effect is observed in extinction spectra: the peak of extinction 
coefficient am is gradually blueshifted with an increase in the 
number of  pulses N  to lmax »  530 nm;  this  value does  not 
change with a further increase in N (Fig. 3b). The extinction 
band width Dl  decreases with  an  increase  in N  to ~85 nm 
(Fig.  3b).  It  is noteworthy  that  the obtained  colloidal  solu
tions of fragmented nanoparticles are characterised by much 
higher stability in comparison with the initial colloidal solu
tions  of  nonfragmented  nanoparticles:  the  initial  solution 
becomes colourless under normal conditions, and a precipi

tate is formed on the walls of a plastic container after about 
24 h, whereas a fragmented nanoparticle solution retains its 
optical  density  at  room  temperature  during  almost  two 
weeks.

At  the  same  time,  at  much  higher  (by  a  factor  of  2.5) 
energy of IR pulses (~9 mJ, which is also below the filamenta
tion threshold in isopropyl alcohol) and comparable number 
of  USLPs  (N »  109),  IR  photofragmentation  of  colloidal 
solutions did not  lead  to any significant changes  in  the size 
distribution of nanoparticles. Extinction spectra confirm that 
IR  irradiation did not  shift  the maximum of  the  extinction 
band or cause its narrowing (Figs 3c, 3d).

4. Discussion

SEM  images of gold nanoparticles  (Fig.  2)  show  that  these 
objects have a spherical shape and sizes much smaller than the 
light  wavelengths  in  the  range  under  consideration  (450 – 
700  nm).  Correspondingly,  the  absorption  and  scattering 
coefficients  of  these  particles  can  be  calculated  within  the 
quasistatic approximation [14]:

sabs = 4pk2Ima,  (1)

a| |k
3
8

scat
4 2ps = 2 ,  (2)

where k2 is the wave number of radiation in the medium sur
rounding a nanoparticle; 
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Figure 3. (Colour online) (a, c) Experimental spectra of extinction coefficient am(l) for solutions of nanoparticles in isopropyl alcohol, irradiated 
by different numbers N of USLPs at l = (a) 515 and (c) 1030 nm (the dashed curves are the calculated spectra aext for monodisperse particles 10 nm 
in diameter), and (b, d) positions of the maxima of bands, lmax, and their widths Dl for l = (b) 515 and (d) 1030 nm as functions of N. 
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is the dipole polarisability of nanoparticle; r is the nanoparti
cle  radius;  ed  is  the  permittivity  of  the medium  around  the 
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is the permittivity of the nanoparticle material [17]. The wave
length dependence of permittivity e( l) was  calculated using 
the  following  parameters:  highfrequency  permittivity e3   = 
1.53,  plasma wavelength  lp =  145  nm,  interbandtransition 
wavelengths l1 = 468 nm and l2 = 331 nm, linewidths of the 
corresponding  interband transitions g1 = 2300 nm and g2 = 
940 nm, dimensionless coefficients A1 = 0.94 and A2 = 1.36, 
and phases j1 = j2 = – p/4. The plasma wave damping coef
ficient gp was chosen taking into account the electron scat
tering  from nanoparticle  surface  [18];  i.e., gp = 17000 nm + 
2.55 ´  10–10(AuF/d ), where A  is a coefficient depending on 
the nanoparticle shape and equal to 1.5 s nm, uF = 1.39 ´ 
108 cm s–1 is the Fermi velocity for gold, and d is the nanopar
ticle diameter in cm.

The  results of  calculating  the  spectral  dependence of 
the  extinction  coefficient aext  =  nsext  (n  is  the  nanoparticle 
concentration, sext = sabs + sscat) for d = 10 nm are shown in 
Figs 3a and 3c. Comparing these results with the experimental 
extinction  spectra am( l),  one  can  see  that  the  spectrum  of 
nanoparticles after fragmentation is approximated well by the 
theoretical dependence. This is in agreement with the obtained 
size  distributions  of  nanoparticles, which  suggest  that  their 
size decreases with increasing N and the maximum of the par
ticle  size  distribution  is  in  range  d  =  10 – 15  nm  (Fig.  2d). 
Nevertheless,  the experimental spectra are much wider than 
the  theoretical  ones, which  is  indicative  of  their  inhomoge
neous  broadening  caused  by  polydispersity  of  the  colloidal 
nanoparticle  solution. Based on  the  calculation  results, one 
can also estimate the nanoparticle concentration after multi
pulse  fragmentation  under  515nm USLPs;  this  estimation 
yields n » 2.5 ´ 1012 cm–3.

The results of modelling the shift of the maximum of plas
monresonance  dipole  mode,  taken  for  isopropyl  alcohol 
from [19], and the results of our experiments are shown in 
Fig.  4.  It  can  be  seen  that  the mean  nanoparticle  diameter 
depends on the number N of absorbed USLPs as d µ a–bN, 
which is in agreement with the radical decrease (by more than 
an order of magnitude) in the mean nanoparticle size in the 
entire range of N (up to 3 ´ 108), apparently, because of the 
disintegration  of  larger  nanoparticles  into  small  fragments 
during  one  fragmentation  event  [7].  On  the  contrary,  the 
mechanism of continuous photofragmentation of nanoparti
cles  through  evaporation  of  atoms  and  small  clusters  (e.g., 
dimers  or  trimers)  is  believed  (in  view  of  small  changes  in 
nanoparticle  size  per one USLP)  to be  related with weaker 
and, possibly, even nonmonotonic dependence of the particle 
diameter  on N  because  of  the  nonmonotonic  character  of 
change in the extinction coefficient at l = 515 nm for nanopar
ticles of different sizes and nonlinear temperature dependence 
of the evaporation rate. Currently, we are developing a more 

informative spectral method for observing details of nanopar
ticle fragmentation, in particular, in different liquids.

Finally, the results of calculations based on formulas (1), 
(3),  and  (4)  show  that  the  absorption  cross  section  at  l  = 
1030  nm  for  nanoparticles  10 – 50  nm  in  diameter  is  three 
orders of magnitude smaller than at l = 515 nm. This means 
that nanoparticle  fragmentation under USLPs  in the visible 
range (515 nm) should occur with much higher efficiency; this 
conclusion was confirmed by our experiments (Figs 2, 3). The 
transmittance of focused femtosecond laser radiation at l = 
515  nm  in  an  unirradiated  sample  with  nanoparticles  was 
found  to  be  ~30 %  and  practically  independent  of  the 
pulse energy. The corresponding USLP transmittance at l = 
1030 nm is much higher – up to 90 %.

Thus,  we  investigated  the  regime  of  filamentationfree 
propagation of USLPs in the IR and visible ranges through a 
colloidal solution of gold nanoparticles under controlled con
ditions. The  following  spectral  features of photofragmenta
tion of these nanoparticles were established: high photofrag
mentation  efficiency  upon  excitation  by  light  with  a  wave
length  close  to  the  plasmonresonance  wavelength  of 
nanoparticles ( l = 515 nm) and low photofragmentation effi
ciency far from this region ( l = 1030 nm); these features are in 
agreement, in particular, with the results of the previous stud
ies with nanosecond  laser pulses  [3]. Apparently,  the effects 
related  to  the  influence  of  solvent  can manifest  themselves 
only  in  the  mechanism  of  nanoparticle  disintegration  into 
smaller fragments.

5. Conclusions

Our  experimental  study of  photofragmentation of  colloidal 
solutions of gold nanoparticles under multipulse  irradiation 
by focused femtosecond laser radiation in IR (1030 nm) and 
visible  (515  nm)  ranges  in  the  regime  of  filamentationfree 
propagation through the solution revealed high selectivity of 
photofragmentation in the visible range (under conditions of 
moderate  scattering),  which  is  related  to  the  excitation  of 
plasmon resonance of nanoparticles in the blue spectral wing, 
in contrast to the regime of closetozero photofragmentation 
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Figure 4. Theoretical  dependence of  the position of  the maximum of 
extinction  coefficient  aext  (plasmon  resonance)  lmax  of  a  gold  nano
sphere in a medium with ed = 1.9 on the inverse nanosphere diameter 1/d 
(solid line) and the experimental dependence of the position of the max
imum of extinction coefficient am on the number of laser pulses N ab
sorbed in the solution (squares).
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in the IR laser field of comparable intensity, with subsequent 
stabilisation  of  the  sol  of  fragmented  nanoparticles.  The 
observed  exponential  decrease  of  gold  nanoparticles  in  size 
with  an  increase  in  exposure  under  conditions  of  femto
second  laser  photofragmentation  indicates  to  a  greater 
extent  to  the  disintegration  mechanism  than  to  atomic  or 
cluster evaporation.
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