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ABSTRACT

We have studied the mechanism of coherent acoustic phonon generation in gold nanofilm induced by ultrafast laser-heating. Under the non-
equilibrium condition when the lattice heating time is much longer than the film vibration period, we clearly identified the contribution of
electronic thermal stress to drive the lattice motion and successfully measured the electronic Griineisen parameter y° to be 1.6 + 0.3. We also
found that lattice heating via the electron-phonon coupling process lagged behind the coherent lattice motion, which we attributed to the
prolonged thermalization process of the laser-excited non-thermal electrons under high pumping conditions. By taking such a process into

account, the improved model fit our experimental data much better, and the extracted y° of gold was still around 1.6.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5137818

I. INTRODUCTION

Photo-induced coherent acoustic phonons have been exten-
sively studied in various crystals by using time-resolved techniques
based on ultrafast lasers. They are closely related to the energy
transfer between the excited electrons and lattice (lattice heat-
ing) and the instantaneous change in the electronic energy distri-
bution that modifies the interatomic forces. Particularly, when a
noble metal such as gold is irradiated, the energy transfer takes
place in multiple steps. Initially, only electrons absorb photons and
are excited to higher energy states. Then, these electrons (called
non-thermal electrons) very quickly redistribute their energy by
electron-electron coupling and tend to build a new thermal equi-
librium only within the electron subsystem,” * which is called elec-
tron thermalization. Meanwhile, they relax their excess energy to
the lattice by relatively slow electron-phonon coupling,”” and this
coupling is greatly enhanced after electron thermalization. In about

10 ps, a final thermal equilibrium between the electron and lattice
(lattice thermalization) is established. During such a heating pro-
cess, coherent lattice motion is also launched such that the lattice
starts to expand and oscillate.' It can be viewed as a superposition
of various acoustic phonon modes, whose generation mechanism is
usually described using photo-induced thermal stress that converts
optical energy into mechanical energy. For a nonmagnetic metal
such as gold, the thermal stress (o) consists of two independent
contributions: the thermal stress related to the lattice anharmonic-
ity (also called thermoelastic effect) and the pressure from excited
electrons related to the deformation potential. They are character-
ized by the Griineisen parameter (y) and the energy change of each
subsystem (AE),’

0=y AE°+y AE, 1)
where the superscripts e and [ represent the electron and lattice
subsystem, respectively. Later in this article, we would call them
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electronic and lattice thermal stress, respectively, although, to be
more accurate, both stresses are related to the energy distribu-
tion of electrons. The non-equilibrium condition created by ultra-
fast laser-heating significantly enhances the electronic contribution
towards launching the coherent phonons as the excess energy is ini-
tially stored in the electron subsystem. By using such a scheme, the
mechanism of coherent acoustic phonon generation, especially the
contribution from the electronic thermal stress, has been studied
by all-optical pump-probe methods,” ” ultrafast electron diffrac-
tion (UED),'""" and ultrafast x-ray diffraction (UXD)."” Here, UED
and UXD have unique advantages—they can monitor both lattice
heating and lattice coherent motion simultaneously, and therefore
reveal the correlation between these two aspects of lattice dynamics
in detail. By using UED, we have investigated the role of the elec-
tronic thermal stress in driving the coherent acoustic phonons in
aluminum and nickel thin films'*'" and developed a new method-
ology to measure 9%, a task that with conventional measurement
was only possible at very low temperatures.””'* We found that a
key factor for such a measurement under the laser-induced non-
equilibrium condition is the reduction in the ratio () of lattice
thermalization time (3 Tf_P) over the quarter period (I'/4) of coher-
ent lattice vibration, o = IZTeE—p /T, so that the lattice can respond

fast enough to the initial transient electronic thermal stress."” In
the case of aluminum and nickel, TeE_P is only about 0.7 ps. Even
in a film as thin as 20 nm, the vibration period is around 10 ps
making « smaller than 1. Therefore, it requires a high signal-
to-noise ratio (SNR) and long data acquisition time to observe
the effect of the electronic thermal stress on the lattice coherent
motion.

In this paper, we applied the same method to a gold thin film,
whose Tf_p and I" were both around 4 ps, making « bigger than 10.
Under such conditions, the effect of the electronic thermal stress on
acoustic phonon generation is more pronounced. The y° of gold was
determined to be around 1.6, consistent with previous studies.'”'
We also observed that the electron-phonon coupling process started
1 ps later than the thermal expansion, which could be attributed
to the slowdown of the electron thermalization process under high
pumping conditions. By taking such a process into account, the y°
of gold was still around 1.6, while the quality of the model-fitting is
greatly improved.

Il. EXPERIMENT

The experiments were conducted on the second-generation
ultrafast electron diffraction instrument with an increased electron-
beam energy of 85 kV."” A typical pump-probe measurement is
utilized to monitor the ultrafast structural dynamics of the sample.
In such an experiment, the 1 mJ laser output pulses centered at the
800 nm wavelength with a repetition rate of 1 kHz were split using
a beam splitter (BS), resulting in a pump beam and a probe beam
with 90% and 10% of the initial laser beam energy, respectively. The
pump beam was first sent to a linear motion stage, which was used
to control the time delay between the pump and probe beams, and
then focused onto the sample to initiate sample heating. The probe
beam was frequency tripled to provide sufficient photon energy to
eject electrons from the photo-cathode inside the electron gun. The
electron diffraction patterns (DPs) were intensified and recorded
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by using a cooled CCD camera. The experiments were performed
under ultra-high vacuum (UHV) conditions with a base pressure of
4 x 107" torr. To obtain enough SNR, we used a larger number of
electrons per pulse than previous experiments.'”'" Due to the geo-
metrical mismatch'® between the pump and probe beams and the
pulse-width of the electron beam, the overall temporal resolution of
the experiment was about 800 fs.

The sample was a gold thin film on a silicon dioxide substrate.
First, about 8 nm Au thin film was evaporated on a freshly cleaved
salt substrate. Immediately after the evaporation, SiO, was sputtered
on the top to form a 20 nm supporting film. The salt substrate was
dissolved in distilled water leaving the Au/SiO; film floating on the
water surface. The film was then carefully picked up onto a TEM
grid and subsequently mounted onto a customized UHV compatible
sample holder.

To obtain a quantitative measurement of structural changes,
the recorded two-dimensional DPs were converted to a 1D intensity
radial profile, as shown in Fig. 2(c). After subtracting the diffused
scattering background, each Bragg peak of Au in the intensity curve
was fitted with a Gaussian line profile to determine its peak cen-
ter (peak position), peak intensity, and peak width. The diffraction
peak intensity can be related to the lattice temperature T through the
Debye-Waller factor (DWEF),"”

—(B(T) - B(To)) (W + > + K?) ) 2)

2a?

Tty (T) o< Inery (To) eXP(

where a is the lattice constant. I, x,;)(T) represents the overall inten-
sity of the diffraction peak specified by Miller indices: k, k, and L
B(T) is the Debye-Waller factor that, to the first order approxima-
tion, increases linearly with T."” Using the peak intensity before the
laser excitation [I(5,k,1)(To)] as a reference and according to Eq. (2),
we have

Itnjery (T)
Itk (To)’

where the temperature jump AT = T — Ty. Equation (3) links the
change in the diffraction peak intensity to that in the lattice tem-
perature. Meanwhile, the diffraction peak position change is related
to lattice constant change by Bragg’s law, 2dj, «,)sin(6) = A, where
d(p,k,1) is the interplanar distance of the (h, k, I) lattice planes. 6 is
half of the diffraction angle, and A is the de Broglie wavelength of the
85 keV probing electrons. For small diffraction angles, the relative
peak position change can be related to the lattice constant change by
the following equation:

AT o< —In (3)

Af ~ Ad @
0 dnin

Hence, UED enables us to monitor both the lattice coherent motion
and the thermal motion (through lattice temperature) simultane-
ously, providing a more complete picture of the transient lattice
dynamics in the sub-ps time scale.

In the transmission geometry as shown in Fig. 1, the diffrac-
tion peak position is only sensitive to the vibration and lattice
parameter changes projected on the transverse direction (perpen-
dicular to the trajectory of the electrons). However, we believe
that our nm-thick film sample is not perfectly flat but has many
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FIG. 1. The transmission geometry of electron diffraction. The electron probe prop-
agates perpendicular to the sample macroscopically. However, the nm-thick film
sample is not perfectly flat but has many wrinkles across the probed region such
that the vibration along the film normal (defined as x-axis) in each wrinkle can be
observed.

wrinkles across the probed region such that the projection of the
normal vibration (along the x-axis) on the transverse direction can
be observed.

I1l. RESULT AND DISCUSSION

The temporal evolutions of the peak intensity and peak position
are shown in Fig. 2. According to Eq. (3), the peak intensity is plotted
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in a way proportional to the lattice temperature of Au. The increase
in lattice temperature reflects the thermalization between electrons
and the lattice (or lattice heating). Such a process is usually explained
by the so-called two temperature model (TTM)”’ or its advanced
version,”’ which fits the temporal evolution of both hot electron
and lattice temperatures (T° and T', respectively) simultaneously.
However, under our experimental condition, we found that the sim-
ulated curve of T' based on TTM only slightly deviated from an
exponential function, which had negligible effect on finding y° lat-
ter. Hence, the change in lattice temperature of Au (AT}) was simply
modeled by

! 0, 0<t<ty
AT = T (1 - exp(=152)), o<t

=P

®)

where Tjump is the overall lattice temperature jump of Au induced
by laser-heating. ty is the time-zero, which is floated in the fitting.
TEZ,P is the coupling time-constant between the electron and the
lattice from the energy point of view. Fitting our data by Eq. (5)
gave TeE_p = 4.4 ps, consistent with previous studies.'””* Also in
this model, the thermalization process of electrons was assumed to
be instantaneous. Compared with the peak position data, the o of
the intensity fitting curve delayed about 1.2 ps, marked as Aty in
Fig. 2(a). We attributed this to the effect that electron-phonon cou-
pling becomes significant only after electron thermalization, which
will be elaborated in detail later. Similar to aluminum and nickel
thin films,'"!" the lattice motion in the Au film also showed some
vibrations, although its amplitude was much smaller.

012 fitting curve b (C)
0101 b= 220 intensity| 6 —
= =
g 0.08 1 %
~~
= Is & FIG. 2. (a) 220 peak intensity as a func-
Z 004 (111 c tion of delay time. Thg black !lne is the
c 12 _'G_J, fitting by an exponential function with a
—Il 0.02 i 1 £ floating time-zero. The inset highlights
- the first 4 ps of the curve. The green
0.00 . . . . line is the initial part of the co-time-zero-
0.02 0.2 0.4 0._(15 0.8 intensity fitting, which links its time-zero
) 2 sin(6)/n (A7) to that of the peak position data. Co-time-
j j j zero-intensity fitting shifts the time-zero
-0.0000 (d) Au (~8nm)  0.0000 of the black curve to the left by Afy. The

—e— 111 peak center
—o— 220 peak center

full curve of such fitting is shown in the
inset of Fig. 3(a). (b) 111 and 220 peak
positions as a function of delay time.
(c) A typical 2D diffraction pattern of Au

SiO, (~20nm)

-0.0011 1 .0.0012

g i o . . 1 oovts captured by UED and its corresponding
3 «— Initial vibration ) 1D intensity profile. (d) The simulation
-0.0022 1L . 00024 of the coherent lattice motion in Au that
echo effect from SiO, resembles our experimental data.
L -0.0030
-0.0033 L -0.0036
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To understand the mechanism of such coherent phonon gen-
eration, we considered the Au/SiO, film as a continuous elastic
medium, consisting of many wrinkles as shown in Fig. 1. The trans-
verse scale of such wrinkles is still much bigger than the sample’s
thickness so that the thermal expansion along the in-plane direc-
tion can be ignored in the time scale of 10 ps.l5 One the other hand,
the 1D breathing motion along the film normal direction can be
described as"*’

82u1(x,t) B 282u1(x,t) _28 Oui(x,t)
a7 ax oy
—iM, 0 < x <<, (6)
p1 Ox
Ouy (x,t) B
ax |x:0 = 0, (7)
Pu(x,t) 2 0 us(x,t) Y Ouz(x,t)
or 7 ox? 2 o
—iM, I <x<<b, (8)
p2  Ox

0 Lt
MH _o,

Ox N

Ouy (x,t Ous(x,t
p1 %%h:h =P2V§72€§x )|x:11 +o1(l,t), (10)
ur(hst) = ua(hi,t), (11)

where the positive direction of the x-axis is set along the film normal
for each wrinkle, pointing from Au to SiO;. u(x, t), v, B, and p rep-
resent the lattice displacement along the x-axis, lattice sound speed,
damping constant, and density, respectively. The subscript 1 and 2
stand for Au and SiO», respectively. I; and I, are Au and Au/SiO;
film thickness, respectively. The initial and boundary conditions
are

u12(x,0) =0, (12)

Bul,z (x, t) | 0
a5,  It=0=U.

ot (13)

Given that the combination of the penetration depth of the 800 nm
laser and the initial ballistic transport range of the excited electrons
in Au well exceed the sample thickness,”* the Au film can be consid-
ered heated-up homogeneously. Meanwhile, SiO, did not absorb the
laser energy. Also considering that the hot electrons are confined in
the Au by the barrier formed at the Au/SiO; interface and the inter-
facial heat conduction due to phonon transport is insignificant on
the 10 ps time scale, no heating of the SiO, film is expected. This
is consistent with the observed peak intensity curve of gold, which
showed no decay induced by any heat transport from Au to SiO; in
the time scale of 100 ps. Hence, according to Eq. (1), the thermal
stress can be written as

ARTICLE scitation.org/journalljcp
o1(x,t) = y] AE; (t) + yll AEll (1), (14)
a(x,t) =0, (15)

where both AE' and AE® are energy changes with reference to their
values before time-zero. After the thermalization of electrons, the
total energy among hot electrons and lattice is conserved,

e ! e !
OAE|(t) _ OAE (1) _ CiaTalt(t) - ¢ 87(;t(t)’ (16)

ot ot

where Cj is the electronic heat capacity of Au that increases linearly
with electronic temperature T¢(t).””° C! is the lattice heat capacity
of Au, which can be considered as a constant because T} (¢) is much
higher than the lattice Debye temperature (around 150 K-200 K for
Au).”” Plugging in Eqgs. (5) and (16), Eq. (14) can be written as

0, 0<t<ty
01(s1) = Gt (1= Lep(=32)) 1, (17)
+yi (Elaxer - Cll T}ump), th <t
where
I e
(=nn (18)

"

and Ej,, is the absorbed pumping energy. The last term on the
right-hand side of the equation describes the electronic thermal
stress after reaching the new thermal equilibrium and was ignored
in the simulation because the electronic heat capacity is three orders
smaller than that of the lattice in this temperature range.”’ Plugging
in Eq. (17), Egs. (6)-(13) were solved numerically. Then, accord-
ing to Eq. (4), the averaged relative change in peak position can be
evaluated by

AG &

b Qu(x,t) dx _u(h,t) —u(0,1)
0 L Jo dx h I ’

(19)

where & is the projection parameter that characterizes the pro-
jection of u(x, t) on the transverse direction detected by electron
diffraction and it should be considered as an average of all the
wrinkles that contribute to the diffraction peaks. Figure 2(d) shows
a typical simulation result in which we used the accepted values
v = 3360 m ™', v, = 6000 m s™', y; = 2.96, and y{ = 1.6.'°
Both f and ‘rf,P are extracted from the peak intensity fitting curve,
as shown in Fig. 2(a). By adjusting other parameters, the simula-
tion result resembled our experimental data to some extent. Partic-
ularly, we found that the lattice displacement at the two boundaries,
u(ly, t) and u(0, t), was almost identical in absolute value but with
opposite sign in the first 7 ps, similar to a breathing motion of a
free-standing film. They were mainly attenuated by the parameters
of Au rather than those of SiO,. At a later time, u(ly, t) and u(0, t)
became different because the acoustic waves once transmitted into
SiO; film now bounced back and re-entered the Au film (our data
implied that the time scale was about 10 ps, roughly the round trip
time of the longitudinal sound wave in a 20-nm SiO; film). These
waves were not in pace with the vibrations in Au, and as a result,
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they interfered with one another and generated a beating pattern,
which was also seen in the simulation [see the echo effect marked in
Fig. 2(d)].

Next, we fitted the peak position data [shown in Fig. 2(b)], par-
ticularly for the first 7 ps. First, the amplitude of the thermal stress
was adjusted (by Tjump) to roughly match the data after 10 ps, where
the lattice thermalization was finished and the maximum peak posi-
tion change could be determined. Then, I, y{, and ; were tuned as
free parameters to fit the data of the first 7 ps, and the total variance
was used to judge the fitting quality. Finally, I, and f, were adjusted
to match the beating patterns afterward. To highlight the importance
of the electronic thermal stress, we first set y; = 0 to see if the lat-
tice thermal stress alone could launch such coherent lattice motion.
The simulation result is shown in Fig. 3(a). No matter how much we
adjust other parameters, the amplitude of the relative peak position
change was always smaller than the real data. As mentioned earlier,
to obtained from fitting the peak intensity curve delayed about 1.2 ps
with reference to that of the peak position data. This together with
the finite SNR of experimental data could introduce the discrep-
ancy. To check out this issue, we forced the peak intensity fitting
curve to share the same time-zero as that of the peak position data

-0.0000 .\ floating time-zero i
peak fitting
« 220 intensity
-0.0011 - — co-time-zero 4
D ° intensity fittin,
P o
® )
< ?
-0.0022 |- o W1 5 0 5 10 15 20 25 30
% co-time-zero
=, &~ peak fitting
X A 4 A
00033 (a) R4 6%‘;@%9“& %/\% /Qé\
-0.0000 |
D -0.0011 i
~
s
<
-0.0022 3 |
A
-0.0033 1 fitting with
convolution
0 10 20 30
Delay time (ps)

FIG. 3. (a) Fitting the peak position data with y{ = 0. The blue open circles are
experimental data. The green curve is the fitting by using the lattice peak intensity
fitting curve with time-zero floated shown in Fig. 2(a), while the red one is by using
the curve with time-zero linked to the peak position data (co-time-zero peak fitting
shown in the inset of this figure). (b) Fitting the peak position data to find y{. The
green curve and the red curve have the same meanings as in (a). The black-dotted
curve is a peak fitting curve, which convolutes a 2 ps Gaussian profile. The inset
is the highlight of the initial 3 ps.
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[see both the insets of Figs. 2(a) and 3(a)]. Such treatment increased
Tf_p from 4.4 ps to 5.9 ps, which made the overall peak intensity
fitting (co-time-zero intensity fitting) much worse [see both the
insets of Figs. 2(a) and 3(a)], and it did not resolve the discrep-
ancy [see the co-time-zero peak fitting in Fig. 3(a)]. Therefore, there
must be an extra stress responsible for the earlier stage of lattice
motion.

In the next step, we floated y{ and repeated our fitting proce-
dure. As shown in Fig. 3(b), the fitting curve with y{ = 1.6 + 0.3
matched the data very well except for the earlier stage (0-2 ps). We
also tried to fit the data by using the co-time-zero intensity fitting
scheme and found that the best fitting value of y; was 1.48 + 0.3,
although the fitting quality is much worse, as shown in Fig. 3(b).
These two values for y were both in the range of y] = 1.6 + 0.5
measured by the conventional method under very low tempera-
ture'® and y{ = 1.48 + 0.3 by using an ultrafast x-ray diffraction
technique in the limit of & <« 1.'* This implied that in the limit of
o« > 1, the contribution from the electronic thermal stress became
so pronounced that the accuracy in determining y$ depends far less
on how accurate in finding ¢y any longer, a key issue of previous
studies.

We now focus on the discrepancy between the data and our fit-
ting in the first 1.5 ps, where the peak position change is ahead of
the peak intensity fitting curve. First, we ruled out the convolution
effect due to finite electron pulse width and geometrical mismatch
(about 800 fs). As an example shown in Fig. 3(b), to smooth the
sharp turning point, a Gaussian function with a full-width-at-half-
maximum (FWHM) as large as 2 ps must be used. However, the
peak position fitting curve by this approach failed to match the ini-
tial oscillation in the data shown in the first peak around 4 ps in
the black-dotted curve because such convolution reduced Tf_P from
4.4 ps to 4.0 ps in the peak intensity fitting, which made the lattice
reach the new thermal equilibrium much faster. We believed that
the discrepancy in the first 1.5 ps originated from the prolonged
electron thermalization under high pumping conditions used in the
experiment. Such a process takes place in about 1 ps,” close to the
time scale of Aty. Within this time range, the electron-phonon cou-
pling is initially very weak and then becomes progressively stronger
with time, as the electron thermalization creates a larger number
of hot electrons with lower energies, leading to an enhancement
of electron-phonon scattering and energy releasing to the lattice.
This process should appear in the lattice temperature curve as a
gradual rising edge. Unfortunately, our peak intensity data did not
have enough SNR to resolve this effect clearly. Additionally, the tiny
change in lattice temperature due to this process weighted too lit-
tle in the whole electron-phonon coupling such that its influence on
TTM fitting is negligible. Therefore, the fitting parameters (¢, and
‘[f,P) reflected mostly the coupling between the thermalized elec-
trons and lattice, with a delayed o due to the electron thermalization
process.

On the other hand, considering the significant electronic ther-
mal stress together with the much better SNR in the determining
Bragg peak position, the effect of electron thermalization process
is much more clearly revealed in the peak position data. In prin-
ciple, both non-thermal and thermal electrons could contribute to
thermal stress. However, if the contribution from non-thermal elec-
trons is comparable with that of the thermalized ones, we should still
see a sharp turning point around the time-zero of the peak position
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FIG. 4. Fitting the peak position data including the effect of the electron ther-
malization process. The inset highlights the fittings for the initial 3 ps with
different y5.

change. This, however, was not the case, judged by our peak posi-
tion data, and it seems such that the electronic thermal stress was
also built up gradually. Hence, we assumed that the stress from non-
thermal electrons were negligible if compared to that of thermalized
electrons. Suppose that the thermalization process of electrons fol-
lowed an exponential function with a time-constant of £, and the
lattice contribution to the thermal stress within 7-_, was negligible,
then Eq. (17) could be modified as

Ci Tiumpy1 (1= exp(=£-))(1-0),
0<t<TL,
Cl Thumpyh (1 - exp(—=)) - 0

E
T,

><(1 - (exp{—t;‘f’”}), £, <t
ep

By replacing Eq. (17) by Eq. (20), the fitting curves matched the
data much better, as shown in Fig. 4. In this case, we found that the
extracted y{ was still around 1.6.

In summary, we have studied the dynamics of coherent acoustic
phonon generation in gold nanofilm induced by fs optical excita-
tion. Under the condition of & > 1, we were able to disentangle the
contribution of the electronic thermal stress to the lattice motion
from that of the lattice thermal stress and successfully measured §°
to be 1.6. We also found that the observed lattice heating through
the electron-phonon coupling process started later than the lattice
expansion, which could be attributed to the combined effect of elec-
tron thermal stress and hot electron thermalization. By taking such
a process into account, the fitting was improved, while the extracted
y° of gold was still around 1.6, consistent with the value of previous
studies.

o1(x,t) =
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