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Ultrafast Electronic Dynamics in Solid and Liquid Gallium Nanoparticles
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The electron thermalization process both in solid and liquid metallic gallium nanoparticles with radii
in the range 50–90 Å is investigated by femtosecond pump-probe measurements. The results show that
the temporal behavior of the electron energy relaxation is similar in both phases, with a time constant
varying from,0.6 to ,1.6 ps by increasing the nanoparticle size. We interpret the experimental data
in terms of a size-dependent electron-surface interaction model and show the importance of the energy
exchange with surface phonons in the electronic thermalization. [S0031-9007(97)03100-1]

PACS numbers: 78.47.+p, 71.24.+q
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The electron relaxation dynamics in metallic nanop
ticles is the object of active experimental investigatio
[1–4]. Space confinement of the electronic wave fu
tion in metallic nanoparticles leads to relevant modific
tions of thermodynamic, electronic, and optical propert
with respect to the bulk [5–7]. This constitutes the ba
for new and important developments both in terms of fu
damental properties and applications [8]. A typical s
nature of the optical response of metallic nanoparticle
given by the presence of the surface plasmon resona
whose linewidth depends on the interaction with the e
bedding matrix [9]. It should be noted that, being the pl
mon linewidth determined by the phase-coherence t
of the collective excitation, it cannot be directly relat
to the energy relaxation dynamics of the electron dis
bution. Previous transient pump-probe experiments w
performed in order to investigate the electron relaxat
dynamics in metallic nanoparticles in a dielectric mat
and the results were interpreted in terms of bulk electr
phonon and electron-electron interactions [1,3]. In a rec
work the authors reported a size dependence of the e
tronic thermalization process in tin nanoparticles point
out the role of electron-surface interaction [4].

In this work we adopted a novel experimental approa
to investigate the different mechanisms leading to
electron thermalization in metallic nanoparticles; i.
we performed femtosecond pump-probe measurem
on gallium nanoparticles in both the liquid and so
phases: this in order to clarify the role of the lattice
the electron relaxation process. Gallium nanopartic
(with radii from 50 to 90 Å) are particularly suitable i
this respect since they are liquid at room temperat
and solid at liquid nitrogen temperature. We show th
in sufficiently small metallic nanoparticles the domina
effect in electron-lattice energy exchange is the interac
0031-9007y97y78(18)y3575(4)$10.00
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between electrons and surface vibrational modes in b
liquid and solid phases.

The samples were prepared by evaporatio
condensation of high purity gallium in ultrahigh vacuum
on sapphire substrates [4,10]. After evaporation of a th
film of SiOx sx ø 1d, Ga was deposited. Metal particle
were thus formed, which were subsequently covered a
protected by an addition layer of SiOx. This technique
allows us to obtain nanoparticles in a wide size ran
and with a relatively low size dispersions#20%d and
minimizes any strain or stress effects on the particles. T
nanoparticle shape is that of a truncated sphere (from
contact angle Ga-SiO, the volume of the truncated sphe
can be calculated to be more than 80% of that of idea
perfect spheres with the same radius). The measurem
were performed on three gallium samples with radii
50 (Ga1), 70 (Ga2), and 90 (Ga3) Å; the sizes of t
nanoparticles have been obtained by transmission elec
microscopy measurements. A typical optical spectru
is shown in Fig. 1, where the peak due to the surfac
plasmon resonance is centered around 3 eVs,410 nmd,
where it is expected to fall according to the formu
vp  vpy

p
1 1 2´r , vp being the gallium bulk plasma

frequency (,10 eV [11]), and´r ø 4.4 [12] the relative
dielectric constant of the SiO matrix. The difference
the peak position of the plasma resonance between s
and liquid states is negligible. Similar results can b
found in the reflectivity spectra of the samples.

Transient transmissivity and reflectivity measuremen
were performed by using a conventional pump-pro
configuration. The laser system consists of a Ti:sapph
laser with chirped-pulse amplification, which provide
pulses of 150-fs duration at 780 nm with energy up
750 mJ at 1-kHz repetition rate. The experiments we
performed at pump and probe wavelengths of 390 a
© 1997 The American Physical Society 3575
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FIG. 1. Differential transmission of sample Ga3 with respe
to a reference sample (without nanoparticles):T ø 77 K (solid
curve), T ø 300 K (dashed curve). The mark indicates th
pump pulse wavelength. The reflectivity hysteresis cur
(measured at 632 nm) due to solid-liquids"d and liquid-solid
s#d transitions is shown in the inset.

780 nm, respectively. The 390-nm pump beam, whi
is resonant with the nanoparticle plasmon peak, w
obtained by frequency doubling a fraction of the las
beam in a LiB3O5 crystal of 1-mm length. The excitation
pulse duration was 180 fs and the energy used in t
experiment was 37 nJ. The pump and probe beams w
focused onto the sample to focal spots with diameter
,240 and 100mm, respectively.

The transient transmission changesDT in the three gal-
lium samples at 77 K (solid phase) are shown in Fig. 2(
as a function of probe time delay. The transient transm
sion curves show a rise time that follows the time integr
of the pump-probe cross-correlation function and an initi
fast decay which exhibits a clear size dependence. T
time evolution ofDT for Ga2 on an extended time scale i
shown in Fig. 2(b); a similar time evolution was observe
in the data measured for Ga1 and Ga3. The values of
time constantt associated to the initial decay, obtaine
by best fitting of the experimental curves, are report
in Table I. Similar temporal behaviors were observed
transient reflectivity. By warming up the samples, th
nanoparticles become liquid below room temperature
TABLE I. Time constantst obtained from the fitting of the transient transmissivity curves
for solid and liquid nanoparticles, and values oftth estimated by the model described in the
text.

Solid phase Liquid phase
sT  77 Kd sT  293 Kd

Sample Radius (Å) t (fs) tth (fs) t (fs) tth (fs)

Ga1 50 650 6 30 630 750 6 40 740
Ga2 70 1000 6 50 1030 1200 6 60 1180
Ga3 90 1500 6 70 1450 1650 6 80 1620
3576
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FIG. 2. (a) Transient transmissivity changesDT in Ga1, 2,
and 3, as a function of probe time delay; the dashed lines a
fitting curves; (b)DT in Ga2 on an extended time scale; the
dashed line is the fitting curve (the sampling density has bee
increased for small time delay to show the actual time decay)

demonstrated by the reflectivity hysteresis curve shown
the inset of Fig. 1. The transient transmission changesDT
measured for the three gallium samples at room temper
ture (liquid phase) follow temporal evolutions similar to
those observed in the solid phase but with slightly longe
time constantst (see Table I).
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The electron relaxation dynamics in metallic nanop
ticles is usually described by the electron-phonon coupl
model developed for bulk metals [13–15]. We demo
strate here that in very small metallic nanoparticles
electron thermalization process is substantially differe
from that in bulk. In fact, if the radiusR of the nanopar-
ticle is comparable or smaller than the bulk electron me
free path, scattering of the electrons from the surface
the nanoparticle becomes relevant and the electrons o
late inside the spherical potential well of the particle wi
a frequencyn  nFyR [16,17], wherenF is the Fermi ve-
locity. In sufficiently small particles this frequency can b
larger than the Debye frequency, so that the bulk electr
phonon interaction (which is a resonant process) m
become ineffective [17,18]. In this case the electrons d
sipate the excess energy through generation of surface
brational waves, defined as capillary waves [19]. In t
case of gallium nanoparticles the mean free path at 7
is ,150 Å [20,21], i.e., larger than the maximum radius
the nanoparticles studied in the present work. Therefo
the electron scattering with the surface takes place and
corresponding minimum charge oscillation frequencyn 
1.82 3 1014 s21 (nF , 1.64 3 106 m s21 [21]) turns out
to be much larger than the gallium Debye frequencynD 
6.6 3 1012 s21 [20]. Interaction between electrons an
surface modes thus plays a relevant role in the elect
relaxation dynamics. The time constantst reported in
Table I are related to this process.

The time evolution of the electron and lattice effectiv
temperatures,Te andTL, respectively, can be described b
a set of two coupled differential equations [22,23]:

CesTed
≠Te

≠t
 2asTe 2 TLd 1 Pstd , (1)

CL
≠TL

≠t
 asTe 2 TLd , (2)

whereCesTed and CL are the electronic and lattice hea
capacities per unit volume,a is a constant related to th
g
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electron-surface energy exchange, andPstd is the absorbed
laser power density. In Eqs. (1) and (2) we treat the ele
tron energy losses in the same way as in the bulk; i.e.,
suppose them proportional to the difference between
electron and lattice temperatures, but considering a c
pling constanta, which takes into account surface effect
The electron-surface phononse-spd coupling constant in
small metallic particles can be derived in the framework
a quantum-kinetic treatment [24]. The energy released
unit time by the hot electron population in the nanopartic
given by≠Ey≠t  4pasTe 2 TLdR3y3, can be expressed
in terms of the microscopic parameters of the electron g
as follows [24]:

≠E
≠t


X
n

´n Îfnn , (3)

where´n is the electron energy,fnn the occupation func-
tion of a given state, and̂I the electron-phonon collision
integral. By considering the Hamiltonian which describe
the interaction of electrons in a spherical potential we
of depthV0 with the capillary oscillations the following
expression for thee-sp coupling constanta is obtained
[24]:

a 
3

16p
kB

nF

R
n

mev
2
0

s

µ
V0

w0

∂2

, (4)

where kB is the Boltzmann constant,n the electron
concentration,me the electron mass,s the surface tension
coefficient, v0 the maximum frequency of the surfac
modes, andw0 the work function. To calculate the
frequencies of the surface modes each particle is assu
to be a perfectly spherical droplet with uniform densi
r [19,25]. The mode frequenciesvl are determined by
the boundary condition of the equation of motion for th
velocity potential, which describes the hydrodynamics
the droplet [25]:
rv
2
l R2

sflsl 1 1d 2 2g


l 1 1y2
R

Jl21y2svlRs21d 2 Jl13y2svlRs21d
Jl21y2svlRs21d 1 Jl13y2svlRs21d

2
1

2R
, (5)
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where s is the sound velocity and theJ are Bessel
functions. The maximum frequencyv0 of the
surface modes corresponds to the largest inte
value l smaller thanpRyd, with d the mean inter-
atomic distance. Assuming the following paramete
n  15.4 3 1028 m23, s , 0.36 J m22, r  5.9 3

103 Kg m23, s , 4.8 3 103 m s21, w0  3.96 eV, V0 
10.71 eV, and d  2.9 Å [20,21,26,27], and using
Eqs. (4) and (5) we obtain fora the values reported
in Table II. It should be noted that thee-sp coupling
constanta is of the same order of magnitude of th
e-p coupling constant of bulk metals [1,3]. By usin
the calculated values ofa in the coupled differential
equations (1) and (2) it is possible to calculate t
er

s:

e

time evolution of the effective electron and lattice tem
peratures after laser excitation. The parameters u
are CesTed  gTe with g  50.8 J m23 K22 [20], and
CL  1.31 3 106 J m23 K21 at 77 K [27]. We define
as time constanttth of the temperature evolution the
time required to decay to1ye of the peak value. For
the induced temperature changes in our experiment,
transient transmissivity can be considered proportional
the electron temperature variations. The time consta
tth, reported in Table I, turn out to be in good agreeme
with those measured from the transient transmiss
curves. Therefore the observed size dependence of
electron relaxation process can be entirely ascribed to
size dependence of thee-sp coupling constanta.
3577
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TABLE II. Calculated values of the electron-surface phono
coupling constanta.

Sample a s31016 W m23 K21d
Ga1 5.928
Ga2 4.114
Ga3 3.248

The similarity in the electron relaxation dynamics ob
served in solid and liquid nanoparticles cannot be e
plained in the framework of the bulke-p coupling model.
In fact the bulk electron energy loss mechanisms are su
stantially different in the two phases, while our exper
mental results show an electron thermalization dynami
almost independent of the phase. Within thee-sp cou-
pling model the observed small difference in the tim
constant in solid and liquid nanoparticles is explaine
by the different heat capacitiesCL (2.48 3 106 [27] and
1.31 3 106 J m23 K21, at 293 and 77 K, respectively).
The calculated time constanttth reported in Table I are
again in good agreement with the measured ones.

In conclusion, we have studied the ultrafast electro
dynamics in gallium nanoparticles of different sizes in th
solid and liquid phase. The results show that the tempo
behavior of the electron energy relaxation is similar i
both phases, with clear size-dependent characteristic ti
constants. The experimental data have been interpre
in terms of an electron-surface interaction model, with n
need of introducing additional effects of any kind from th
matrix on the thermalization process. These results bri
new information on the role of the energy exchange wi
surface phonons in the electronic thermalization proce
occurring in confined metallic structures.
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