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Photoinduced Structural Dynamics in Laser-Heated Nanomaterials of Various Shapes and
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We examined photoinduced ultrafast structural dynamics such as coherent acoustic waves in many shapes of
fcc metallic nanomaterials. Experimental data of nanosized thin films, prisms, spheres, rods, disks and pyramids
from transient optical absorption/reflectance measurements were analyzed based on a combined Fermi-Pasta-
Ulam model and two-temperature model. This work elucidates the structural dynamics induced by femtosecond
laser heating, its size and shape effects on the period and phase of the excited acoustic phonon modes.
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Introduction

Generation of a transient acoustic wave in condensed matter
by an optical pulse, known as the optoacoustic effect, has been
a longstanding research subject to many scientists."»? It has been
more hotly pursued recently as a result of advances in fabrication
of nanosize materials. The laser heating effects by a short laser
pulse on bulk-size metals and semiconductors have been a
subject of extensive research over the past two decades.
Understanding the ultrafast dynamics of hot charged carriers
and their interactions with phonons and the subsequent thermal
relaxation are important to elucidate many laser-induced
phenomena.’~® More recently, laser heating of nanostructured
materials of various shapes and their potential application in
medical treatment have generated widespread interest among
researchers. In metal nanomaterials, the surface plasmon
resonance (SPR) band is sensitive to the size and shape of the
particles and the dielectric environment.!? Laser heating with a
femtosecond pulse induces lattice vibration and a periodic shift
of the SPR band position or bandwidth,!""'> which results in
modulations in the transient absorption intensity at the probed
wavelength. Accordingly, transient acoustic vibration in thin
films,!31# spherical nanoparticles,'® and nanoprisms'?!3-16 and
nanorods'” has been mostly investigated by transient absorption/
reflection techniques. Other than transient optical absorption/
reflectivity, oscillations have been observed by time-resolved
X-ray diffraction'®!° and electron diffraction.?

FPU—TTM Model. In most phenomenological treatments
of acoustic wave excitation, one assumes the whole slab or
nanoparticle behaves as a damped oscillator. Recently, a
combined FPU—TTM model?! was employed to explain the
peak shift in ultrafast electron diffraction rings of a laser-heated
polycrystalline aluminum film. This more realistic model
combines the Fermi—Pasta—Ulam (FPU) model describing
impulse-induced structural dynamics and the two-temperature
model (TTM)?>?3 describing laser heating and heat transfer of
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conduction electrons and phonons. In this work, we extend this
model to provide a platform for analyzing transient optical
absorption data of gold and silver nanomaterials of various
shapes and sizes. According to this model, the heat transfer in
a metal slab or nanoparticle involves two subsystems, mobile
electrons and phonon bath, governed by the following 3-D rate
equation,

Ce(T) % Tl(l', t) =[] - (Ke O Tl(r, t)) _ g(Tl(I', [) o
T2(r’ t)) + S(l‘, l)
Cz gt Tz(l', H= KL[|2T2(r, 1 — g(Tz(r, 1) — Tl(r, 1) —

h(T,(x, 1) —T,) (la)

where Ti(r, t) and Ta(r, f) describe electron and phonon
temperatures at a position vector, r, and at a time, ¢, respectively.
If one is primarily interested in short-time heat transfer, the heat
conduction by phonons (the term involving x1) and thermal
relaxation to heat bath temperature 79 (the term involving /)
can be neglected. Assuming the incident laser is along the z-axis,
the heat source term can be given by

S(r,H)=exp(—4In 2% (t —1)*/7, WA In 2/ F(1 —
R)/[7,&,(1 —exp(—=L/&)] (1b)

where R is the surface optical reflectivity at the given laser
wavelength, L is the substrate thickness traveled by light, F is
the fluence of the incident laser, &; the optical penetration depth,
and 79 and 7, in the time profile are the delay time and the full
width at half-maximum (fwhm) of the laser pulse. The coupling
factor, g, describes electron—phonon interactions. For electrons,
one has the heat capacity as C. = C,T; and heat conductivity
as K.T)/T,. The phonon thermal conductivity, «;, can be
neglected here. The initial conditions for the electron and lattice
subsystems are assumed tobe at 73 (0) = T,(0) = T, =
300 K.

Here, we extend the usual 1-D FPU chain model to a 3-D
periodic atomic array, assuming each atom with an index, n, is
coupled to each of its nearest neighbors (index j) by a spring
withan anharmonic potential, mw*(r, — r)? /2 + omw(r, — )’/
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Figure 1. (a) 3-D atomic array in fcc structure, showing [100], [111],
and [110] planes. (b) Various shapes of laser-heated nanomaterials to
be analyzed in this work.

TABLE 1: Relevant Parameters of Silver and Gold?~2°

silver gold
mass, m 17.92 x 10720 kg 32.72 x 1072 kg
sound velocity, 3650 m/s 3240 m/s
Us = wl
Hook constant, me? 28.58 kg/s? 41.41 kg/s?
interatomic distance, [ 2.89 x 10719m 2.88 x 10719 m
electronic specific-heat 65.0 J/m? K? 71.0 J/m? K?

coefficient, C;
lattice heat capacity, C»
electron—phonon coupling

20 x 10°ym’ K 2.5 x 10° J/m* K
3.5 x 10" W/m3 K 2.1 x 10'© W/m? K

parameter, g
optical absorption depth, & 24.0 nm 16.3 nm
optical reflectivity at 790 nm, R~ 93% 93%
electron Griineisen parameter, > 1.2 1.6
phonon Griineisen parameter, y, g 2.4 3.0
electron thermal conductivity, K. 418 W/m K 318 W/m K
thermal linear expansion, 3 1.9 x 107 1.4 x 1073

3, where o is the anharmonic factor that is related to the linear
thermal expansion coefficient S by f = o kg/mw?l. For each
nonboundary atom with fcc structure, shown in Figure 1, there
are 12 nearest-neighboring atoms. The equation of motion for
an atom at the position r, and momentum p, is given by

d. _P

dt" m

d _

P =FEO—yp,— OU, 2)

where y is the frictional coefficient and U, is the anharmonic
potential for that atom. The impulsive force at the nth atomic
site along the k-axis is related to the local temperature change
by Fu(t) = — ya6lPCo(To(xy, 1) — To) — y1.6PCiTi(x,, )(T(xy,
t) — Toy) , where T(r,, 1) is the electron temperature, To(x,, ?) is
the phonon temperature at the nth position and T is the heat
bath temperature, 9> is the phonon Griineisen parameter, and
Y1, is the electron Griineisen parameter. Listed in Table 1 are
the relevant FPU—TTM parameters for gold and silver with
reference sources.?*~2° The Hook constant listed there was
chosen to produce the correct sound speed for a reduced 1-D
model with atoms in closest contact. To obtain the correct sound
speed in full treatment of a 3-D fcc lattice, the value needs to
be doubled. The Runge—Kutta method was used to obtain a
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Figure 2. (a) The change of transient reflectance (open circle) of a
50-nm-thick gold film and the simulated result using N = 168 (red
line) based on FPU—TTM. (b) The transient absorption profile (open
circle) of a 23-nm-thick silver film and the simulated result using N =
77 (red line).

numerical solution of the spatial and temporal behavior of these
dynamic variables.

Analyses of the Experimental Data and Discussion. Now
we proceed to analyze some experimental data of nanomaterials
with six different sample shapes (Figure 1b) measured by others,
including our own (silver nanoprisms and gold nanospheres).
We first consider a thin film using 1-D FPT—TTM, where the
laser beam is perpendicular to the film surface.?! In Figure 2a,
the transient reflectance data of a gold film with thickness of
50 nm (extracted from Figure 4 in the work of Wang and Guo!?)
is illustrated, in comparison with our model simulation based
on FPU—TTM. The result shows excellent agreement with the
time derivative of the film thickness, that is, Zy (£) — Z1(¢). On
the basis of the well-known dielectric relaxation mechanism,
each atom behaves as a damped harmonic oscillator with a
frictional force linearly proportional to its velocity and the
Hooke restoring force proportional to its displacement from
the equilibrium position. The dielectric absorption represents
the energy loss caused by the frictional force and is proportional
to the velocity of an atom. Therefore, the best fit we obtained
in Figure 2a is proportional to the time derivative of the film
thickness, that is, Zx5 (f) — Zi(f). Shown in Figure 2b is the
transient absorption data of a 23-nm-thick silver film (extracted
from Figure 3a in the report by Del Fatti and co-workers!#).
The experimental curve agrees with zx () — Z;(), which has a
180-degree phase shift as compared to the previous example in
Figure 2a, due to the difference in the measurement method.
For gold films, changes of transient reflectance were detected,
but for silver films, absorption changes were measured. Our
simulated curves were obtained with only two adjustable
parameters (i.e., the amplitude and the exponential damping
rate), and they reproduce experimental oscillation periods and
phases. This result is consistent with the longitudinal sound
velocity of 3650 m/s for silver. The frequency and damping
time constant were found to be 2.61 cm™! (12.77 ps) and 0.82
cm™! (40.8 ps), respectively.

In the second example, we analyzed our own experimental
data of nanoprisms. The pump and probe wavelength was set
at 575 nm. The deduced oscillations from the transient absorp-
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Figure 3. (a) The change of transient absorption of silver nanoprisms
(open circle) with a bisector height of 31.4 nm. The long-time slow
oscillation period is equal to the bisector height. (b) The observed short-
time fast oscillations caused by sound wave propagation perpendicular
to the film surface. N = 16 was used. (¢) The observed short-time fast
oscillations for a thicker nanoprism, corresponding to N = 19.

tion trace (Figure 3a) is in good agreement with the 1-D
FPU—TTM model calculation using zn(#) — z1(#). The period
is equal to twice the bisector height divided by the sound speed.
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Figure 4. (a—d) The transient absorption profiles (open circle) of gold
nanospheres with various radii, in comparison with simulations.

Twice the bisector represents the averaged distance for a sound
wave to travel on the surface of a triangle. Such a size
dependence on the oscillation period for a nanoprism has also
been reported by others.!>!516 It is interesting to point out that
the phase of the oscillations is better described by changes in
the bisector height rather than its time derivative, as obtained
for two previous thin-film examples. The cause of the 90° phase
shift for such a mode in nanoprisms is unlikely due to laser
fluence dependence, which is rather small. It could be due to
how such an acoustic mode is excited and coupled to the SPR
band. The details remain for future investigation. Observation
of a 90° phase shift was also noticed in a recent study of silver
nanocubes by Petrova et al.>® They attributed the cause to

TABLE 2: Parameters for Different Nanomaterials with FPU—TTM Modeling

fitted length

items dimension (nm) (nm) FPU—TTM model measured periods (ps) oscillation periods
Au film T=50.0 T=48.1 () — 21(0) 29.5 2T/vs
(N=168)
Ag film T=23.0 =220 () — 21(0) 12.3 2T/vs
(N=TT)
Ag prism H=314£85 H=312 () — z1(®) 17.1 2L/vs
(N =109)
T2=43+04 T12=52 () — 21(0) 3.25 Tlvs
(N=19)
T2=39%0.6 T/2=43 () — 21(0) 2.85 Tlvs
(N=16)
Au sphere D2=53+£04 D/2=52 N () — 21(0) 34 Dlvs
(N=19)
D/2=84+£0.38 D/2=89 54
(N=32)
D2=156+£21 D/2=18.1 11.1
(N=1064)
D/2=221%£26 D/2 =248 15.0
(N=287)
Au rod L=550%£150 L =688 () — z1(®) 62.0 2LIvg
(N = 240)
D2=13.0£10 D2 =17.6 () — 21(0) 11.0 Dlvg
(N=162)
Au disk D =388.0 D=287.6 () — z1(®) 52.8 2D/vs
(N =305)
Au triangular pyramid H=104.0 H=11738 zn(t) — z1(t) 74.8 2H/vg

(N = 410)
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Figure 5. (a) The long-time slower oscillating components in transient
absorption profile (open circle) for gold nanorods with a length L =
55 4+ 15 nm and a radius R = 13 4+ 1 nm. (b) The short-time faster
oscillations due to wave propagation along the radius direction.

uniform and nonuniform strains. In another study,'? the oscil-
lations were fitted by two modes, with one mode along the
bisector and the other along the side of a triangle. However,
such a two-component fitting to low S/N data is not too reliable.
Nevertheless, we do observe previously unnoticed fast oscilla-
tions at a very short time scale. These oscillations and model
fitting for two different sizes are illustrated in Figure 3b and c.
These fast oscillations correspond to sound wave propagation
perpendicular to the triangle-shaped surface, and the period is
given by the film thickness divided by the sound speed. The
phase is 90° out of phase as compared to the other mode.

In the third example using our own experimental data of gold
nanospheres at four sizes, the results are illustrated in Figure
4a—d. As thin films, the experimental data follows nicely Zy ()
— Z1(#). The fitted oscillation period corresponds approximately
to the diameter divided by the sound speed, which differs from
the theoretical value by 10%.!¢ In the fourth example, we
considered gold nanorods and fitted the experimental data of
Hu et al.!'” The signal appears to consist of two modes. One
mode corresponds to the extensional mode along the cylindrical
axis with a period given by twice the rod length divided by the
sound speed vg (1824 m/s) for the extensional mode. The speed
for the extensional mode for a thin rod is known to be slower
than the regular bulk sound speed, vs (3240 m/s). The oscilla-
tions of such a mode can be best fitted using zn(f) — zi(?).
However, the other mode which describes sound wave propaga-
tion along the radial direction can be best fitted by Zy (f) — Zi(?).
In addition, the oscillation period is related to the diameter
divided by the regular sound speed.

In the fifth example, we considered gold nanodisks with an
orientation perpendicular to incident light. Using the experimental
data of Huang et al.,>! we obtained a good fit using zn(2) — z1(£)
with the oscillation period equal to twice the diameter divided by
the sound speed. In comparison, for a sphere, the oscillation period
is equal to twice the radius divided by the sound speed. In the last
example, we analyzed the experimental data of a gold triangular
pyramid measured by Huang et al.'> The oscillation period is equal
to twice the bisector height divided by the sound speed, and the
temporal behavior can be best fitted by zn(f) — zi(¢). Such
dependence is similar to those of nanoprisms.
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Figure 6. The deduced oscillating component (open circles) for gold
nanodiscs with D = 88 nm and 7 = 25 nm in comparison with
simulations.
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Figure 7. The deduced oscillating component (open circles) for gold
triangular pyramids as compared with model simulations. The bisector
height is 104 nm.

Conclusions

In this work, we have systematically examined photoinduced
acoustic waves by transient optical absorption studies of metal
nanomaterials. Experimental data of our own and those from
others for six different shapes and various sizes of gold or silver
composition were analyzed here. The fitted parameters and the
relevant phase for the fits for these examples are listed in Table
2 for better comparison. From this Table, one can draw a
conclusion about the phase for the acoustic wave excitation.
For a thin film or a sphere, the observed excited acoustic mode
is parallel to the incident light, and the observed amplitude is
best described by 2n () — Zi(?). In contrast, the mode for sound
wave propagation along the cylindrical axis of a rod or along
the prism or disk surface that is perpendicular to the incident
light there is a 90° phase shift, and the observed amplitude is
best described by zn(f) — zi(¢). For an ensemble sample of
prisms, discs, pyramids, or rods in the experiments, most likely,
the orientation of their major planar or cylindrical surfaces and
the sound propagation of the observed mode are perpendicular
to the incident light. In contrast, in thin films and spheres or
the weaker mode in prisms (perpendicular to the triangle surface)
or in cylinders (perpendicular to the cylindrical axis), the excited
acoustic mode is parallel to the incident light. Briefly speaking,
if the direction of expansion and contraction is along the
direction of light propagation, the amplitude is best described
by Zn (£) — Z1(f). On the other hand, if the mode of acoustic
wave is along the major dimension of nanoparticles with a large
aspect ratio, such as a rod, prism, pyramid, and disk, the
amplitude is best described by zn(f) — z1(). We have performed
2-D simulations for a prism and have found that the phase for
the acoustic phonon mode along the direction of an impulse
and the phase for the other mode with sound wave propagating
perpendicular to the impulse indeed have a 90° phase shift. The
FPU—TTM model provides a better physical picture than the
usual phenomenological model, assuming a simple damped
oscillator for the whole film or nanoparticle. We have uncovered
an interesting phase shift for the photoinduced acoustic excita-
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tion for some shapes and modes. Such a distinctive phase shift
might be related to how these modes coupled to the SPR mode.
Our model simulations offer reasonably good agreement with
the observed nanoscale heat transfer and structural dynamics
induced by femtosecond laser heating of nanosize thin films
and prisms.
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