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An in situ spectroscopic study of the nanosecond laser-induced melting and size reduction of pseudospherical gold
nanoparticles with 54 ( 7 nm diameter allowed the observation of a heating efficiency that was very dependent on the
excitation wavelength. A remarkably greater efficiency was observed for the photothermal effect of interband excitation
than that of intraband excitation. This noteworthy observation is ascribed to an altered electron heat capacity, ce, during
photoexcitation depending on the excitation energy, which is a phenomenon that has not been realized previously. As a
result, a 60% reduction of the specific heat capacity, cp, compared to that of bulk gold was obtained for interband
excitation at 266 nm whereas the cp value for the excitation of the intraband transition at 532 nm was unaltered. A
semiquantitative explanation was given for this striking phenomenon induced by interband excitation in which
excitation-relaxation cycles of electrons upon excitation of 5d electrons to the 6sp band lead to a reduced number of
electrons contributing to the electron temperature rise in the vicinity of the Fermi level during the nanosecond laser pulse
duration. By contrast, electronic excitation within the 6sp band results in no net reduction in the number of electrons
near the Fermi level, giving rise to a value of cp similar to that of bulk gold. Our finding that the heat capacity of gold
nanoparticles can be changed uponUV laser excitation is important for understanding the fundamental nature of noble
metal nanoparticles. Furthermore, this finding might be useful for preparing new metal alloy particles as well as for
manipulating the thermodynamic properties of the nanoparticles.

Introduction

The interaction of metal nanoparticles with light brings about
fascinating optical phenomena such as the plasmonic enhance-
ment of the electromagnetic field,1,2 nonlinear optical responses,3,4

and photothermal effects5,6 and thus attracted a great deal of
attention in the past decade. In particular, gold and silver
nanoparticles (NPs) have played a central role in these fields
because of their remarkable electronic and optical properties that
are distinct from their bulk counterparts,7 which may find
applications in catalysis,8,9 bioconjugation,10,11 nanomedecine,12,13

and miniaturized photonic devices.14 In these applications, an
important role played by lasers is worth mentioning because they

carry advantageous features such as high photon densities,
distinct photon energies, various pulse widths from femtosecond
to nanosecond time durations, and tunable polarization proper-
ties that permit the precise control of excitation. Therefore, the
fundamental aspect of interplay betweenNPs and lasers is critical
to understanding how photon energies are utilized by NPs to
realize desired functions to the maximum extent.

One example seeking such a direction is a study on laser-
induced size reduction inwhich the exposure ofAuandAgNPs to
a single shot or a number of shots allowed the size reduction or
fragmentation.15-21 The method acquired solid recognition as a
convenient, swift technique for preparing particles profoundly
smaller than the original ones as opposed to conventional
chemical techniques where a time-consuming oxidative etching
process has to be carried out separately for the size reduction.
Koda and co-workers15 were the first to propose a heating-
melting-evaporation concept for the observation of the size
reduction of chemically prepared aqueous Au NPs with sizes
ranging from 19 to 47 nm diameter by exposure of the surface
plasmon band to various intensities and numbers of a 532 nm
nanosecond pulsed-laser beam. In support of Koda’s photother-
mal mechanism, Inasawa and co-workers16 conducted further
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detailed research through the use of a 355 nm picosecond laser
and revealed that the size reduction of Au NPs takes place by a
layer-by-layer mechanism based on the observation of a bimodal
distribution of particle sizes that are slightly smaller and much
smaller than the original ones. They concluded that irradiation by
the picosecond laser pulses is the most efficient way to induce the
size reduction of gold NPs over femtosecond or nanosecond
pulses. Later, Pyatenko17 made a calculation to examine the
melting and size reduction of gold NPs and concluded that the
photothermalmechanism prevails at low laser intensities. He also
drew a conclusion that the excitation of the surface plasmon band
of gold by a nanosecond laser at 532 nm is more efficient because
of a greater absorption cross section,Cabs, comparedwith those at
other wavelenghths such as 1064 and 355 nm but gave no
experimental proof.

Previous size reduction studies have mostly been carried out at
only one excitation wavelength, and no comparison was made
with the effect of the excitation laserwavelength on size reduction,
focusing on the difference in inter- and intraband transitions, for
instance. To begin, the dielectric function of gold (ε(ω)) is
described by a combination of an interband term (εΙB(ω)) that
accounts for the response of 5d electrons to a 6sp conduction
band and a Drude term (εD(ω)) due to free conduction electrons;
thus ε(ω) = εIB(ω) þ εD(ω).

7 The localized surface plasmon
resonance representing the optical properties characteristic of
gold NPs originates from the latter term (i.e., photoexcitation
of the free electrons). A collective oscillation of photoexcited
free electrons on the surface of Au NPs takes place through the
interaction with the electromagnetic field of light and exhibits
a resonance frequency in the visible region. For instance, the
extinction spectrum of gold NPs of 10 nm diameter dispersed
in water exhibits a distinct resonance peak at approximately
520 nm, and the peak position and intensity undergo changes
depending sensitively on the particle size and shape.7 By contrast,
the interband transition is insensitive to the particle size and shape
but gives at least two broad absorption bands at 330 and 470 nm.7

As a corollary, we anticipated that not only the light absorp-
tion cross section but also the electron dynamics and subsequent
thermal relaxation process initiated by photoexcitation should
be strongly affected by the excitation wavelength. However,
this wavelength-dependent laser-induced melting and size reduc-
tion of gold NPs are not fully understood despite accumulated
knowledge from laser ablation studies carried out in the past.
For instance, Mafune and co-workers18-21 demonstrated that
the excitation of the interband transition by a 355 nmnanosecond
laser can induce the severe fragmentation of gold NPs because
of the Coulombic explosion mechanism. Nevertheless, it is
still not clear whether their observation purely originates from
the effect of the interband excitation because they applied laser
powers such as 0.5-25 J 3 cm

-2 far exceeding the laser ablation
threshold (i.e., energies high enough to bring about high tem-
peratures well over the boiling point of bulk gold). This makes
it difficult to determine the morphological changes near the
laser ablation threshold. In addition, particles employed in
previous research are more or less polydisperse, which precludes
precise spectroscopic studies besides TEM measurements.
Furthermore, it should be pointed out that the particle size
is an important factor affecting both heat dissipation and
the contribution of the interband transition relative to the
intraband one depending on the excitation wavelength: if
the particle is smaller than 20 nm in diameter, for instance,
the contribution of the plasmon band is considerably large even
for excitation at 355 nm. Such a consideration was lacking in the
past.

In the present study, we carried out in situ extinction spectro-
scopic and TEM investigations22 of the nanosecond laser-induced
size reduction of Au NPs by seriously considering the critical
issues paid less attention to previously. We employed the lowest
possible laser intensities that can avoid the generation of excess
heat, giving rise to the explosive evaporation of NPs.23,24

As for the excitationwavelength, we used three laser wavelengths,
266, 355, and 532 nm. The former two have energies appropriate
for promoting the interband transition, and the latter corres-
ponds to the energy of the intraband transition. Notably, we
employed pseudospherical particles with a narrow size
distribution. This is important in eliminating the effect of inho-
mogeneous spectral broadening due to polydispersity. Besides
that, the narrow size distribution guarantees the feasible
estimation of absorbed energies by the particles at each excitation
wavelength on the basis of Mie theory calculations.25 Given
that the absorbed energy is directly related to the temperature
rise, a precise evaluation of absorbed energy at various wave-
lengths is important in assessing how efficiently the absorbed
energy is converted into heat, resulting in melting and size
reduction.

In spite of our simple experimental approach, we made an
important finding that the heat capacity of gold NPs during
photoexcitation can be reduced by nanosecond pulsed-laser
heating through the interband excitation. This remarkable heat
capacity change of gold NPs is relevant to a fundamental
thermodynamic property that has not been observed experimen-
tally, although some theoretical prediction has been made pre-
viously.26 Moreover, our finding may open up a laser-based
preparation of newmetal alloys by choosing the proper excitation
laser wavelengths for the materials.

Experimental Section

Aqueous solutions of gold NPs with nominal diameters of
20 nm (cat. no. EMGC20) and 60 nm (cat. no. EMGC60) were
purchased from British Biocell International (Cardif, U.K.).
These particles were synthesized using a variation of the Frens’s
citrate reductionmethod.27 The particle size determined presently
by the observation of TEM images is 19 ( 3 for EMGC20
and 54 ( 7 for EMGC60 (Supporting Information A). We
tentatively refer to these particles as 20 and 55 nm Au NPs for
convenience.

The laser irradiation of 2.0 mL aliquots of Au NP aqueous
solutions contained in a quartz cuvette (10� 10mm2) was carried
out with the unfocused beam of the second, third, and fourth
harmonics of a Nd:YAG laser (Continuum, Surelite I-10; repeti-
tion rate, 10 Hz; pulse width, 4-6 ns). The beam diameter was
measured to be 8mm for 532 nm, 7mm for 355 nm, and 6mm for
266 nm. The solutions were magnetically stirred during the
irradiation. A 150 W short-arc Xe lamp (Hamamatsu, L2274)
was usedas amonitor light for in situ spectroscopicmeasurements
in which the light extinction (absorption and scattering) signals
were detected by a multichannel spectrophotometer (StellaNet,
BlueWave). Steady-state extinction spectra of NP solutions were
recorded on a UV-vis spectrophotometer (Hitachi, H-2010).
Transmission electron micrographs (TEM) of the particles were
obtained with a Hitachi H-800 operated at 200 kV.
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Results

As a measure of the absorbed energy by a unit mass of gold
upon irradiation of a single shot of a pulsed laser, we employ
Q (J g-1 pulse-1) given by eq 1 because this quantity is indepen-
dent of the particle size and excitation wavelength.

Q ¼ Cλ
absP

FV
ð1Þ

where Cabs
λ (m2) is the absorption cross section of a single Au NP

at a given excitation wavelength, P (J m-2 pulse-1) is the laser
fluence, F (g m-3) is the density of gold, andV (m3) is the volume
of a goldNP. (See Supporting Information B for another method
of estimation.) The absorption cross section at each wavelength
was calculated on the basis of the Mie theory.25 The extinction
spectra thus obtained were in good agreement with those mea-
sured on the spectrophotometer for 55 and 20 nm gold spheres
(Supporting Information Figures S1 and S2). Traditionally, the
absorbed laser energy was directly related to the melting and
evaporation thresholds defined by eqs 2a and 2b under the
condition that the heat losses due to both thermal conduction/
convection and blackbody radiation are negligible:15-17,28-31

Qmelt ¼ cspðTÞ½Tmelt - T0� ð2aÞ

Qevap ¼ cspðTÞ½Tmelt - T0� þΔHmelt þ clp½Tevap - Tmelt� ð2bÞ

where cp represents the specific heat capacity under atmospheric
pressure,Tmelt stands for themelting point of gold, andTevap is the
boiling point, the values of which were taken from those of bulk
gold.32 Superscripts s and l of cp denote the solid and liquid
phases, respectively.

Figure 1 shows the in situ extinction spectra of 55 nm gold
particles in aqueous solution on exposure to (a) 266, (b) 355,
and (c) 532 nm laser beams at the absorbed energy, Q, of
300 J g-1 pulse-1.

A spectral band with a peak at 535 nm originating from Au
NPs is ascribed to the surface plasmon resonance band, the peak
position and intensity of which strongly depend on the particle
diameter as well as the dielectric function of the medium.7

Accordingly, the high monodispersity of the NPs permits the
peak position and intensity of the surface plasmon band to serve
as a measure of the particle size.33 A remarkable reduction was
observed in the intensity of the plasmon band on continuous
irradiation by the 266 and 355 nm lasers. For instance, the
amount of reduction in the extinction peak values ofΔA266 nm =
-0.412 and ΔA355 nm = -0.53 was obtained after 60 min of
irradiation, accompanied by an appreciable blue shift of 15 nm
from 535 to 520 nm. Additionally, an increased contribution in
the extinction spectrum in the 600-800 nm region was observed
for two reasons. First, a continuous size reduction due to
irradiation under a constant atomic concentration of Au results
in an increased number of small particles contributing to the
increased extinction in the red region. A spectral simulation can
reproduce the spectral changes observed in Figure 1 (Supporting
InformationC). Second, the coagulation and coalescence of small
NPs to form “snake-like” structures is also responsible as revealed
by the TEM images given below. In contrast, the irradiation at
532 nm exhibited only a slight decrease in intensity (ΔA532 nm =
-0.071) and a small blue shift of 6 nm in the plasmon band after
15 min of irradiation; further irradiation to 60 min gave practi-
cally no remarkable spectral changes. In situ spectral changes at
various Q and λex values are given in Supporting Information D.

Figure 2 shows the decrease in the peak intensity of the
plasmon band, ΔA, as a function of absorbed energy, Q, after
60 min of laser irradiation at 266, 355, and 532 nm. This Figure
gives the entire picture of the size and shape changes that are
dependent on bothQ and the excitation wavelengths employed in
this study.

The data points for eachwavelength exhibit two-step threshold
behavior. The first step is located in a range fromΔA=-0.05 to
-0.2where only small intensity reductions and slight blue shifts of
the plasmon band are discernible as typically shown as a spectrum
in Figure 1c. Corresponding TEM images given in Figure 3 show
appreciable reshaping from the initial faceted (Figure 3a1,b1,c1)
to spherical appearance (Figure 3a2, b2, c2) due to surfacemelting
with no recognizable size changes.

The second step corresponding to data points carrying ΔA
between -0.4 and -0.7 indicates large spectral modifications in

Figure 1. In situ extinction spectra of initial 55 nm gold particles in aqueous solution on excitation at various wavelengths with virtually the
sameabsorbedenergyof300 J g-1: (a) λex=266nm(10.3( 1.3mJcm-2 fluence), (b)λex=355nm(11.2(0.9mJcm-2 fluence), and (c) λex=
532 nm (6.0 ( 0.4 mJ cm-2 fluence). The arrows show the direction of spectral changes with increasing irradiation period.

(28) Link, S.; Burda, C.; Nikoobakht, B.; El-Sayed, M. A. J. Phys. Chem. B
2000, 104, 6152.
(29) Hartland, G. V.; Hu, M.; Sader, J. E. J. Phys. Chem. B 2003, 107, 7472.
(30) Agurre, C. M.; Moran, C. E.; Young, J. F.; Halas, N. J. J. Phys. Chem. B

2004, 108, 7040.
(31) Besner, S.; Kabashin, A. V.; Winnik, F. M.; Meunier, M. J. Phys. Chem. C

2009, 113, 9526.
(32) Green, D. W.; Perry, R. H. Perry’s Chemical Engineers’ Handbook, 8th ed.;

McGraw-Hill: New York, 2007; pp 2-158.
(33) Njoki, P. N.; Lim, I. S.; Mott, D.; Park, H.-Y.; Khan, B.; Mishra, S.;

Sujakumar, R.; Luo, J.; Zhong, C.-J. J. Phys. Chem. C 2007, 111, 14664.

http://pubs.acs.org/action/showImage?doi=10.1021/la100015t&iName=master.img-001.jpg&w=454&h=143


DOI: 10.1021/la100015t 9959Langmuir 2010, 26(12), 9956–9963

Werner et al. Article

terms of remarkable reductions and blue shifts in the plasmon
band, similar to the spectral changes observed in Figure 1a,b.
TEM observations of these samples revealed the marked size
reduction of initial 54 ( 7 nm to an average of 6 nm particles
(Figure 3a3,a3-1,c3). Notably, “snakelike” fused structures of
smaller particles were obtained, suggesting a size reduction caused
by evaporation due to high temperature.

An inspection of the TEM image of the original 55 nmparticles
upon excitation with 266 nm laser light (Figure 3a series) at
relatively high absorbed energyQ of 568 J g-1 pulse-1 reveals that
the particles were gradually reduced in size while generatingmuch
smaller particles with an average size of 7 nm, resulting in a
bimodal size distribution. Bimodal distributions similar to this
were also obtained for excitations at 355 and 532 nm. Note here
that at absorbed energies ofQ,where no spectral changes could be
observed, the shapes and sizes of the NPs remain unchanged
(Figure 3a1, b1, c1) because themelting point of gold could not be
reached. One should keep in mind that the present experiments
were carried out under the condition of low laser intensities that
preclude violent mechanisms such as the explosive evaporation
due to extremely high temperatures23,24 and the Coulombic
explosion arising from multiply ionized states18-21 caused by
the photoionization or thermionic emission of electrons. (See
Supporting Information E for justification.) Consistent with this
assumption, we observed no explosion-like phenomena in the
TEM images but only a gradual size reduction by the emission of
very small particles, reminiscent of the layer-by-layer size reduc-
tion concept proposed by Inasawa.16 Note here that the bimodal
distribution does not indicate the original faceted particles
accompanied by fragmented particles but rather the size-reduced
spherical particles along with much smaller daughter particles.

A comparison of the energy thresholds for each wavelength in
Figure 2 reveals that absorbed energies,Q, required to initiate the
melting for reshaping and evaporation leading to a gradual size
reduction by the 532 nm laser are approximately 2 to 3 times
greater than the energies of the 266 and 355 nm lasers. To analyze
the remarkably different behavior of ΔA versus Q curves depen-
dent on λex, the melting and evaporation thresholds, Qmelt and
Qevap, were calculated for the simple heating of a 55 nm gold
particle based upon eqs 2a and 2b using the cp values of bulk gold

and included in Figure 2, assuming an initial temperature, T0, of
298 K. The dotted line (M) on the far left in Figure 2 represents
Qmelt, and the second dotted line (G) shows the energy at which
the particle is assumed to undergo whole melting as a result of the
consumption of the melting enthalpy (ΔHmelt = 62.8 J g-1). The
dashed-dotted line (B) on the far right shows the energy, Qevap,
where theboiling point of bulk gold is reached. Importantly, when
excited at 532 nm, the energies corresponding to linesH and Z are
in close agreement with the experimental values ofQmelt andQevap

for the laser heating of a 55 nmgoldNP, suggesting that the 55 nm
gold NP has melting and evaporation behavior that is quite
similar to that of bulk gold. On the contrary, the Au particle
undergoes melting and evaporation at much lower laser energies
when excited at 266 and 355 nm.

Figure 2. Differencepeak extinction value (ΔA) of the plasmonband as a functionof the absorbed energy for the initial 55nmgold particle in
aqueous solution as a function of excitation wavelengths of 266, 355, and 532 nm. The data points represent the values for an irradiation
period of 60 min (10 Hz, 36 000 laser shots). The dotted line (M) on the far left represents the absorbed energy corresponding to the melting
point ofbulkgold calculatedwith eq2a, and the seconddotted line (G) shows the energyatwhich themelting enthalpy (ΔHmelt=62.8 J g-1) is
consumed. The dashed-dotted line (B) on the far right shows the energy where the boiling point of bulk gold calculated with eq 2b is reached.
The data points marked with circles show the TEM images that are given in Figure 3.

Figure 3. TEM images of initial 55 nm gold particles after 60 min
of laser irradiation (10 Hz, 36 000 shots) at wavelengths of (a) 266,
(b) 355, and (c) 532 nm. The notation of a number next to a letter is
related to the data points given in Figure 2: 1 indicates gold
nanoparticles with no shape and size changes, 2 indicates
reshaping, and 3 indicates the evaporation of the initial gold NPs
in solution. Only image a3-1 was taken for an irradiation period of
2.5 min to show clearly the occurrence of the bimodal distribution.
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The temperature rise can be estimated for a single Au NP by
dividing Q by the specific heat capacity under the assumption of
negligible heat losses. Besides, we assume that our 55 nm gold
particles can still be treated as bulk gold with respect to the
melting point (1337 K) because melting point depression due to
the curvature effect of small particles is remarkable only for
diameters below15nm.34-37The specific heat capacity in the solid
phase of bulk gold is slightly temperature-dependent, whereas
that in the liquid state is constant.32 Here, we estimate the heat
capacity in the liquid phase, cp

l , for two wavelengths (532 and 266
nm) on the basis of experimentally determined Qλ

evap and Qλ
melt

with bulk values of ΔHmelt, Teavp, and Tmelt by eq 3

clpðλÞ ¼ ðQevap
λ -Qmelt

λ -ΔHmeltÞ
ðTevap -TmeltÞ ð3Þ

which yields cp
l (532 nm) = (0.16 ( 0.02) J g-1 K-1 and

cp
l (266 nm) = (0.06( 0.01) J g-1 K-1. (See Supporting Informa-
tion F for details.) The heat capacity calculated for 532 nm
excitation, cp

l (532 nm), is in good agreement with that of bulk
gold (cp

l = 0.149 J g-1 K-1 .32 Note that we neglected heat losses
through heat dissipation38-40 and a disturbance by the scattered
light of cavity formation41-43 surrounding the irradiated NPs for
the evaluation of cp

l . The striking result is that the specific heat
capacity estimated for the excitation at 266 nm is 60% smaller
than that of bulk gold. We also experimentally evaluated the
solid-phase specific heat capacities, cp

s(532 nm) = (0.19 ( 0.03)
J g-1 K-1 and cp

s(266 nm) = (0.05 ( 0.02) J g-1 K-1) from the
onsets of melting, although the value of cp

s(266 nm) is not very
accurate because of difficulty in determining the exact value of
Qmelt. Here, the average cp

s value for bulk gold between room
temperature and the melting point is known to be 0.144 J g-1

K-1 .32 Thus, the value of cp
s is significantly smaller for the

excitation at 266 nm than that for the excitation at 532 nm, which
is in accordance with the excitation-wavelength-dependent values
of cp

l that we obtained.
We also carried out the in situ spectroscopic measurements for

20 nm gold particles in order to gain insight into the size-
dependent melting and size reduction that have not been
attempted previously (Supporting Information G). The excita-
tion-wavelength-dependent melting and size reduction reminis-
cent of 55 nmparticleswas observed (Supporting InformationH).
For 20 nmAu particles, however, we failed to estimate the values
of the specific heat capacities, cp

l and cp
s, because of appreciable

heat losses observed for the small particles.

Discussion

It follows from our result that the excitation of the interband
transition ofAuNPs bynanosecond 266 and 355 nm lasers results
in a pronounced reduction in the specific heat capacity, leading to
the very efficient size reduction, distinct from the result of
excitation at 532 nm when compared at virtually the same
absorbed laser energy, Q. The prototypical example of such

experiments was given in Figure 1, and the exhaustive collection
of data was depicted in Figure 2. Until now, no attempts have
been made to observe the size reduction comparing the interband
excitation with intraband excitation. Here we show a semiquan-
titative picture of the electronic relaxation process characteristic
of the excitation wavelength, giving rise to the modified heat
capacity, cp. Most importantly, the bulk cp value has been
intuitively assumed previously in dealing with the photothermal
mechanism of the laser-induced size reduction of Au and Ag
NPs.14-16 This may not necessarily be valid.

The electron heat capacity, ce, in metals is described by eq 4a,44

ce ¼
Z ¥

0

ðE-EFÞdf ðE,TeÞ
dTe

DðEÞ dE ð4aÞ

where EF stands for the Fermi energy, f(E, Te) represents the
Fermi distribution at energy E and electron temperature Te, and
D(E) is the density of states (DOS). At low electron temperatures
of kBTe , EF (where kB is the Boltzmann constant), which are
applicable to our experimental Te estimated for a long pulse
duration of ∼5 ns, the change in the Fermi distribution occurs
only near the Fermi energy. Then the solution for the free electron
gas of a metal at thermal equilibrium leads to the well-established
equation44

ce = γTe in which γ ¼ 1

3
π2DðEFÞkB2 ð4bÞ

Here,D(EF) denotes the DOS at the Fermi level, which is defined
byD(EF) = 3N/2EF, withN being the concentration of electrons
at the Fermi level. The significance of eq 4b is that ce is
proportional to N of the degenerated electron gas and increases
linearly with Te.

The electronic excitation of gold NPs is divided into two
categories: the intraband (within the 6sp band) and interband
(5d to 6sp) excitations. The intraband transition of conduction
electrons occurs because of the excitation of the surface plasmon
resonance band in the visible region whereas the interband
transition takes place mainly in the UV region. The onset of the
interband transition occurs at about 2.4 eV (518 nm) with a tail at
1.8 eV (689 nm) for bulk gold at room temperature45 (Supporting
Information I). After nanosecond pulsed-laser irradiation, Au
NPs are heated to a maximum temperature of 3129 K, the
evaporation point of gold, where the Fermi edge is smeared out
with an energy range of 2kBTe = 0.54 eV at thermal equilibrium
(Supporting Information I, Figure S11). The lowest energy to
promote electrons from the 5d band to the 6sp band below the
Fermi energy is 1.6 eV (L6þ5

þ-L4
- transition), whichwasderived

from the relativistic band structure calculation.46,47Note here that
an additional 0.8 eV should be included to reach the Fermi
level.46,47 This means that at least the photon energy of 2.4 eV
is required for the excitation of electrons from the 5d to the 6sp
band to overcome the interband transition threshold. At 3129 K,
electrons within the energy interval of 0.54 eV are brought to
energy levels above the Fermi level at thermal equilibrium, which
generates holes below the Fermi energy. Hence, the interband
transition onset is reduced to 1.86 eV at a minimum, and
the photoexcitation of 5d electrons to the 6sp band at 532 nm
(2.33 eV) is theoretically possible. Even though this is the case, the
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interband absorption contributes only 5-20% of the total
absorption cross section at temperatures below the evaporation
point. This suggests that at the excitation wavelength of 532 nm
the intraband transition is still dominant (Supporting Informa-
tion I, Figure S10a). In contrast, excitation by UV light with λ=
266 and 355 nm allows the interband transition because their
energies greatly exceed the interband separation. It is also the case
that light with an energy surpassing the interband threshold can
contribute to the excitation of the intraband transition; however,
the absorption spectra of the intra- and interband transitions
calculated for 60 nm Au NPs show that the contribution of the
former in the UV region is minute (Supporting Information I,
Figure S10a).

Scheme 1 illustrates the electron-electron thermalization pro-
cess through the scattering of a single electron due to the
intraband (a) and interband (b) transitions in a simplified band
structure.

Here, photons of λ = 532 nm promote the conduction band
electrons below the Fermi level to upper energy levels with an
energy of ΔEintraband = 2.33 eV at the maximum distance above
the Fermi surface (Scheme 1a), temporarily resulting in a non-
Fermi distribution. Then, followed by the electron-electron
(e-e) scattering of excited electrons, the Fermi distribution with
an electron temperature of Te is reestablished after thermal
equilibrium has been reached.

In contrast to the excitation at 532 nm, photons of λ=355 and
266 nm have energies high enough to promote electrons from the
5d band to the 6sp band, a conduction band, of Au (Scheme 1b).
As a result, the final energies of the electrons above theFermi level
are reduced by the interband separations of certain lower-lying
band structures. For instance, 355 nmphotons (3.49 eV) excite the
L6þ5

þ-L4
- (1.6 eV) transition46,47 to the 6sp band below the

Fermi energy, with 0.8 eV added to reach the Fermi level, and the
X7

þ-X6
- (3.2 eV) transistion46,47 above the Fermi surface with

energies ofΔEinterband distributed from 0 to 1.16 eV. Likewise, the
excitation by the 266 nm laser with a corresponding photon
energy of 4.66 eV allows an interband transition of X7

þ-X6
-

(3.2 eV) or X6
þ-X6

- (4.4 eV), leading to an energy (ΔEinterband)
of between 0 and 1.46 eV above the Fermi level.46,47 Notably, the
excitation in the plasmon band always gives higher energies above
the Fermi level than that of the interband excitation (ΔEinterband

< ΔEintraband). For such electrons with energies of ΔE, interac-
tion within the degenerated electron gas is well described by the

Fermi liquid theory.48-52 One of the consequences of the theory is
that a single e-e scattering time τe-e for electrons with energy of
ΔE at temperature Te is described by

τ-1
e-e ¼ K

ðπkBTeÞ2 þðΔEÞ2
1þ e-ΔE=ðkBTeÞ ð5Þ

whereK is given by (m*)3/(8π4p6)We-e, withm* being the electron
effective mass and We-e being the angularly averaged scattering
probability. For Au, K = 0.1 fs-1 eV-2, which was estimated
from femtosecond pump-probe spectroscopy.52 Equation
5 dictates that an electron excited to the Fermi level (ΔE = 0)
at Te = 0 has an infinite lifetime because of no e-e scattering
events as a result of the Pauli exclusion principle: all energy states
below the Fermi level are occupied. On increasingΔE, the lifetime
or the e-e scattering time decreases rapidly in a parabolic
manner. For ΔE . kBTe, eq 5 can be reduced to

τ-1
e-e � KðΔEÞ2 ð6Þ

This simple expression states that the e-e scattering rate constant
(τe-e

-1 ) increases with increasing ΔE above the Fermi level.
Thus, electrons excited to near the Fermi level suffer a longer
scattering time or a longer period of e-e thermalization than
those excited into higher levels. Burda et al.53 revealed by their
femtosecond pump-probe spectroscopy at an excitation wave-
length of 800 nm (1.55 eV) that the electron thermalization time is
on the order of<500 fs, which is much longer than the time scale
of the e-e scattering and e-h recombination events (10 fs)
according to the Fermi liquid theory. They explained this long
thermalization time on the basis of a picture in which all of the
electrons interacting within the range of mutual influence
undergo scattering with each other until they thermalize to the
Fermi level.

Scheme 1. Illustration of Electron Excitation-Relaxation Processes for (a) 6sp Intraband Excitation and (b) 5d to 6sp Interband Excitationa

aBoth processes initially generate a non-Fermi distribution followed by the formation of a Fermi distribution resulting from the electron-electron
scattering.
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Scheme 2 gives an illustration of the excitation-relaxation
cycles including the timescales for each step for the (a) intraband
and (b) interband excitations.

The average energies (ΔE) for excitation at 532, 355, and 266
nm provide the e-e scattering time, τe-e, ranging from approxi-
mately 20-30 fs for 532 nm to >200 fs for 355 and 266 nm.54

During the excitation-relaxation cycles of interband transitions
(b), holes are created in the 5d band, which relax very quickly
(<20 fs) through the hole-hole scattering and finally recombine
nonradiatively with electrons from the lower-lying levels of
the 6sp band.54,55 This very fast recombination process generates
holes in the 6sp band below the Fermi level with lifetimes on
the order of >200 fs. During the nanosecond pulse duration,
electrons in the 5d band can be excited again many times by
incoming photons and the electron-hole (e-h) recombination
between the 6sp band and 5d band occurs subsequent to the
hole-hole (h-h) relaxation again and again. The repetition of
this cycle brings about an appreciable reduction in electron
concentration N around the Fermi level. Contrastingly, the
reduction in N is practically absent for the intraband excitation
(a) as a result of the fast relaxation of electrons within the 6sp
band. The picture in Scheme 2 explains the remarkably reduced
heat capacity observed for the interband excitation.

Previously, it was revealed by the femtosecond pump-probe
spectroscopy that the transient bleaching of the plasmon band
takes place, resulting in a temporal reduction in the absorption on
subpicosecond timescales for the excitation ofAuNPswith 30 nm
diameter at both 400 and 600 nm.56 In the present study, we
employed the ground-state absorption cross section, Cabs, to
calculate the values of Q at the three excitation wavelengths and
assumed that such a transient reduction in the absorption
intensity is negligible regardless of the excitation wavelength.
However, this point was not confirmed in the present study
because of experimental difficulty in measuring transient absorp-
tion spectra in the UV region.

For excitation by an ∼200 fs laser pulse, a single excita-
tion-relaxation cycle can take place, the timescale of which is
much shorter than that of the electron-phonon (2.5 ps)53 or
phonon-phonon relaxation time (75-500 ps).38,39 In other
words, the reduction in N occurs only within the time duration
of the laser pulse without affecting the thermalization process of

themetal. Indeed, the previous femtosecond pump-probe studies
revealed that the difference in interband excitation with respect to
intraband excitation is absent for the electron-electron and
electron-phonon relaxations.56-58 Note, however, that laser
heating with a nanosecond pulse makes no distinction between
Te (electron temperature) and Tl (lattice temperature) because
of the exceedingly longer pulse duration of ∼5 ns compared to
the electron-electron and electron-phonon relaxation times.
Obviously, in the nanosecond regime, the electron and lattice
system are at thermal equilibrium,59 Te = Tl = T, through the
energy exchangebetween the electrongas and the latticewith both
temperatures rising during the pulse. Thus, the time-dependent
temperature change can simply be expressed by the heat equation
dependent on the particle temperature, T, and the specific heat
capacity, cp, as given in eq 7 under the condition that all the heat
losses are negligible and there is a uniform temperature distribu-
tion within the NPs.59

FVcpðTÞDT
Dt

¼ Cλ
absP ð7Þ

The solution for this differential equation was given in eqs 2a and
2b, which correctly reproduced the result of the 532 nmexcitation.
In contrast, femtosecond pulses with a much shorter duration
than the electron-phonon relaxation time allows the differentia-
tion of Te and Tl. Here, electrons are excited during the femto-
second pulse followed by energy transfer to the lattice through
electron-phonon coupling until thermal equilibrium is reached.
This phenomenon is well described by the two-temperature
model60 (TTM) given in eqs 8a and 8b assuming no heat diffusion
within the NPs with negligible energy losses.

ceðTeÞDTe

Dt
¼ - gðTe - TlÞþQðtÞF ð8aÞ

cl
DTl

Dt
¼ gðTe - TlÞ ð8bÞ

Here, g represents the electron-phonon coupling coefficient. It is
most likely that we can directly observe the reduction in the value
of ce due to interband excitation by the use of a femtosecond
pulsed laser. This may prove the validity of our present assump-
tion. Great care must be taken with respect to the laser intensity
in order not to bring about violent processes such as laser ablation
and the photothermal effect. Such an experiment is now
underway in our laboratory, and the results will be reported
soon.

Conclusions

The present in situ spectroscopic measurement and TEM
observation on nanosecond laser-induced reshaping and size
reduction of Au nanoparticles have demonstrated a remarkably
greater efficiency of the photothermal effect of interband excita-
tion than that of intraband excitation. Previously, it was believed
that the excitation of the surface plasmon resonance band is the
most efficient way to induce heating resulting in the melting and
fragmentation of Au NPs because of a distinctly large absorption

Scheme 2. Comparison of Schematic Diagrams of the Electron

Excitation-Relaxation Cycle for the Intraband Transition (a) within
the 6sp Band and (b) for the 5d to 6sp Band Interband Transition with

Particular Emphasis on Their Timescales
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cross section. The greater photothermal efficiency due to the
interband excitation at 266 nm is ascribed to the 60% decreased
value of the specific heat capacity, cp, compared to that of bulk
gold. The excitation at 355 nm should provide an analogous value
of cp. In contrast, the value of cp estimated for the excitation of the
plasmon band at 532 nm was in good agreement with the
literature value of bulk gold.We gave a semiquantitative explana-
tion for the reduced cp value as being due to the reduction in the
electron concentration in the vicinity of the Fermi level through
fast hole-hole relaxation followed by recombination and slow
electron-electron relaxation in the conduction band resulting
from the interband excitation. However, our explanation is
still less satisfactory and needs further experimental proof.
To overcome this limitation, pump-probe spectroscopy employ-
ing a nanosecond laser pump with a femtosecond laser probe
may help to understand the excited energy-relaxation process
due to the excitation at 266 nm, whichmay differ from that due to
the excitation at 532 nm. Nevertheless, the present results
shed new light on one of the fundamental properties of noble
metal nanoparticles;the heat capacity that can be changed
during UV photoexcitation. In addition, our finding implies
that the heat capacity change has to be taken into serious
consideration for the interband excitation of gold nanoparticles,
which has not been considered in previous studies of the laser-
induced size reduction. The specific heat capacity change
can be applied to prepare new materials, for instance, nano-
particles with porous structures through the laser irradiation of
alloys such as white gold, containing materials with differing

interband and intraband excitation probabilities at a given laser
wavelength.
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