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The interaction between light and metal nanoparticles enables investigations of microscopic phenomena
on nanometer length and ultrashort timescales, benefiting from strong confinement and enhancement of the
optical field. However, the ultrafast dynamics of these nanoparticles are primarily investigated by
multiphoton photoluminescence on picoseconds or photoemission on femtoseconds independently. Here,
we presented two-photon photoluminescence (TPPL) measurements on individual Au nanobipyramids
(AuNP) to reveal their ultrafast dynamics by double-pulse excitation on a global timescale ranging from
subfemtosecond to tens of picoseconds. Two orders of magnitude photoluminescence enhancement,
namely, coherent interference fringes, has been demonstrated. Power-dependent measurements uncovered
the transform of the nonlinearity from 1 to 2 when the interpulse delay varied from tens of femtoseconds to
tens of picoseconds. We proved that the real intermediate state plays a critical role in the observed
phenomena, supported by numerical simulations with a three-state model. Our results provide insight into
the role of intermediate states in the ultrafast dynamics of noble metal nanoparticles. The presence of the
intermediate states in AuNP and the coherent control of state populations offer interesting perspectives for
imaging, sensing, nanophotonics, and in particular, for preparing macroscopic superposition states at room

temperature and low-power superresolution stimulated emission depletion microscopy.
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Introduction.—Noble  metal nanostructures have
attracted much research interest in the past decades due
to their localized surface plasmon resonance (LSPR),
representing coherent collective oscillations of the con-
duction electrons [1,2]. This collective oscillation presents
two intimated features: subwavelength confinement of the
optical field and thus giant enhancement of localized
electric field [3,4], both of which are important for many
promising applications, such as sensing [5,6], lasing [7,8],
energy harvesting [9,10], and photothermal cancer therapy
[11,12]. A significant research effort is currently focused on
the coherent control of femtosecond energy localization in
nanosystems by selectively exciting a number of eigenm-
odes of the metal nanoparticles through adaptive shaping of
the laser pulse phase and amplitude [13—16]. However, full
control of nano-optical fields is still challenging due to the
complex dynamics of the system, which involves broad
timescales from several femtoseconds to picoseconds
[17-19]. Thus, exploring their ultrafast dynamics and
understanding the relevant mechanisms are crucial for
further applications.

Efforts toward the time-resolved measurements of metal-
nanoparticles dynamics have involved two approaches.
One investigated the dephasing processes on the timescale
of several to tens of femtoseconds through traditionally
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nonlinear interferometric autocorrelation (IAC) measure-
ments. Experiments based on the high-order harmonic
generation and multiphoton photoemission (MPPE) proc-
esses have been carried out [20-24]. According to the
reconstructed plasmon-enhanced electric field E(7) from
these measurements, the pulse duration and thus the
dephasing time can be derived. On the other aspect, the
hot-carrier relaxation dynamics on the timescales of pico-
seconds have been studied by multiphoton photolumines-
cence (MPPL) [25-27]. The dynamics of metal
nanoparticles have been severally performed through two
individual approaches, and the corresponding ultrafast
behaviors have been discussed independently. However,
the global investigation, involving timescales from sub-
femtosecond to tens of picoseconds through the same
approach, is highly desired to evaluate the unique phenom-
ena and uncover the underlying mechanisms.

In this work, we address this limitation through two-
photon photoluminescence (TPPL) measurements with a
homemade Michelson interferometer by using ultrashort
femtosecond laser pulses. Ultrafast dynamics of individual
Au nanobipyramids (AuNP) on a global timescale—from
subfemtosecond to tens of picoseconds—have been mea-
sured and analyzed. Almost 2 orders of magnitude photo-
luminescence (PL) enhancement, compared to traditional
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TPPL, have been determined. We named this phenomenon
coherent interference fringes. The nonlinearity orders of 2
have been determined for the global timescales when
varying the total laser power. Interestingly, linear power-
dependent behavior around zero interpulse delays was first
obtained when changing the incident power of the first or
second laser pulse. We have proved that the real inter-
mediate state is critical for the exploring of coherent
interference fringes and the linear optical behavior, which
have been further supported by numerical simulations.
Results and discussion.—A schematic illustration of the
experimental setup is depicted in Supplementa Material,
Fig. S1 [28]. Particularly, individual rice-shaped AuNP
with a diameter of 20 nm and length of 50 nm was used as a
model to study the global ultrafast dynamics, benefiting
from their high local field enhancement. A linear polarized
femtosecond laser (15fs@800nm) was used to excite
AuNP, where double pulse replicas with the time delay,
At, were produced by a home-built Michelson interferom-
eter. If not specified, the polarization of the double pulses
was both along the long axis of AuNP (Fig. S3 [28]).
The typical MPPL trace of an individual AuNP as a
function of interpulse delay has been illustrated in Fig. 1(a).
At first glance, we can find the sharp and dramatic enhance-
ment at A7 ~ 0, comparing with MPPL obtained by either
single-pulse excitation or double-pulse excitation with suf-
ficient long interpulse delay (for example, Atypp ~ 10 ps,
see follows for the significance of the subscript). To get
insight into the detailed information, we plot the trace in
logarithmic scale in Fig. 1(b). The double-pulse MPPL is
twice that of the single-pulse excitation at the time delay of
Atrpa. This result implies the coupling between the double
pulses and the plasmon states of AuNP entirely vanishes.
With the decrease of the interpulse delay, MPPL gradually
increases. The change of MPPL in this process can be well
fitted with a mono-exponential relationship. Here, we attrib-
uted this timescale (~1.46 ps) to the lifetime of intermediate
states, 7, which will be discussed later. When the interpulse
delay is close to zero, almost 2 orders of magnitude enhance-
ment of PL intensity, as compared to that of Az,ps, can be
definitely determined. Simultaneously, the minimum PL
intensity is close to zero (to background). Zooming in this
area (the dashed rectangle), we can observe clear interference
fringes, as shown in Fig. 1(c). To quantitatively describe the
enhanced PL, we define an enhancement factor, that is, the
ratio between the maximum PL intensity and that with
sufficient long interpulse delays. For this AuNP, the enhance-
ment factor is up to 102. This PL enhancement can be well
reproduced on many AuNP in our experiment, with an
averaged value tobe 107 + 12 (Fig. S4 [28]). We also proved
that PL enhancement can be readily determined with
orthogonal polarization, where the temporal and spectral
interference effects of laser pulses have been excluded
(Fig. S3 [28]). Thus, we address this giant enhanced
MPPL as coherent interference fringes, originating from
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FIG. 1. Ultrafast dynamics of AuNP on global timescales.

MPPL of AuNP as a function of interpulse delay (Af) in the linear
(a) and logarithmic plot (b). PL intensities are normalized by the
intensity of double-pulse excitation with an interpulse delay of
10 ps. The solid red lines are the monoexponential fits with a
lifetime of 1.46 ps. Atpa, Atrps, and Aty represent three
interaction regimes, which are one-photon absorption, two-
photon absorption, and the mixed regime between them. The
coherent interference fringes of experimental MPPL under
equilibrium (c) and nonequilibrium (d) excitations. The powers
of the first and second pulse have been marked in figures.
Simulated MPPL with n = 2 (e) and n = 3.8 (f). The trace of
single-pulse MPPL is also presented as a guide for eye.

the intrinsic features of AuNP. To our knowledge, these
interference fringes have never been discussed conscien-
tiously in the previous works. More intriguingly, as shown in
Fig. 1(d), the interference fringes can be realized under the
nonequilibrium excitation as well (the power ratio between
the double pulses is in the region of 0.01-100, limited by the
weak PL intensity and/or the irreversible damage under high
power excitation, see Fig. S5 and S6 in the Supplemental
Material for details [28]).

To date, the exact mechanisms of MPPL from Au
nanoparticles are still in debated, either arising from the
absorption of multiple photons through virtual or real
intermediate states [19,25,29,30], or stemming from the
emission process through intraband relaxation [27,29,31].
To explore the possible mechanism, we first assume that
AuNP absorbs photons through virtual states. Thus MPPL
can be treated as a quasi-instantaneous process. The signal
of IAC (i.e., the MPPL intensity) can be given by
I8C(At) = [T |[E(t) + E(t — Ar)]"|*dr, with n being
the order of nonlinearity [32,33]. Therefore, we
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FIG. 2. Power-dependent TPPL behaviors on the global time-
scales. (a) Power dependence PL intensity for the single-pulse
excitation and the double-pulse excitations for three dynamics
regimes (taking Afjpy = 0 fs, At =2.5 ps, and Atpy =
10 ps for examples). Here, the power of the first pulse was fixed
at 50 uW, while that of the second pulse was varying from 5 to
50 uW. For two-pulse excitation, A/ was determined by sub-
tracting the background (excitation only by the first pulse) from
the total intensity. The solid lines are the power-law fits,
Al = a x P", with the exponents, n, presented in the figure.
The short-dashed lines are the fits at low PL intensity (the power
of the second laser was in the region of 5 to 20 uW). (b) Power-
law exponents for two-pulse excitation as a function of interpulse
delay. The solid line represents the mono-exponential fits.

immediately simulate the interference fingers by assuming
n = 2 according to the up-mentioned formula, as shown in
Fig. 1(e). However, three intuitive facts illustrate the invalid
of this simulation. First, the enhancement factor is 8,
consistent with the feature of SHG [22,34-36] rather than
close to a hundred. Second, simulated TAC persists for
interpulse delays of less than 40 fs, rather than more than
60 fs for coherent interference fringes in our experiment
(Fig. S7 [28]). Finally, PL decay at a longer timescale is
absent. Outwardly, the simulation seems perfectly for
constructive fringes with n = 3.8 [Fig. 1(f) and S8 of
Ref. [28] ]. However, the persistence of interference fringes
and PL evolution as a function of time delay are still
inconsistent with experiments. The difference between
them further hints the presence of plasmon states and their
relatively long dephasing time.

To undoubtedly determine the nonlinearity and the
underlying mechanism of MPPL, we performed the
power-dependent PL. measurements at global timescales.
We demonstrated n = 2 by synchronously varying the first
and second laser power [Fig. S9 [28]] on the global
timescales investigated, undoubtedly illustrating that the
observed MPPL belongs to a two-photon process.
However, as shown in Fig. 2(a), a novel result occurs
when we explored the nonlinearity by fixing the power of
the first (or second) pulse and varying the other one. We
have proved that the nonlinearity is identical for both
conditions (Figs. S10-S11 [28]). The nonlinearity is 2.06
for single-pulse excitation, coinciding with the second-
order nonlinearity of TPPL. The nonlinear order at At,p, is

2.04, equals to single-pulse excitation, suggesting that the
coupling between the two laser pulses and the plasmon
states of AuNP entirely vanishes. Interestingly, when the
interpulse is close to zero (At;p,), the power-dependent
TPPL approaches a linear behavior, with the nonlinearity to
be 0.97. When the interpulse are between At ps and Atypa,
the linear action and the two-photon process work together,
presenting a regular change nonlinearity from 1 to 2, as
illustrated in Fig. 2(b). More or less, these results agree with
previous works on Au nanoantennas reported by Régis
et al. [37] However, some distinct features still declare the
existence of hidden dynamics. (i) The nonlinearity of PL
intensity is identical, either varying the power of the first
pulse or changing that of the second pulse [37]. (ii) Next,
the nonlinearity is strictly limited between 1 and 2. Higher
nonlinearity orders are absent in our experiment [25,37].
(iii) At last, the nonlinearity as a function of interpulse
delay follows a mono-exponential behavior [solid line
shown in Fig. 2(b)], rather than the linear relationship
published [29].

To interpret the coherent interference fringes as well as the
power-dependent TPPL at the global timescale, we present a
physical scenic that TPPL in AuNP arises from both one-
photon (1PA) and two-photon absorption (2PA) involving
the real intermediate states, as depicted in Fig. 3(a). Here we
denote the ground, intermediate and excited states as |0), |1),
and |2), respectively. After the first-pulse excitation, a few
electrons will be pumped to excited states (|2)) through 2PA,
resulting in relatively weak TPPL. On the other aspect, vast
electrons will be pumped to the intermediate state through
1PA due to their much larger absorption cross section. These
electrons will be further excited to |2) to produce much
stronger TPPL. However, they will relax to the ground state
after excitation through the radiative and/or nonradiative
process. Thus, the lifetime of the intermediate state (z;) can
be determined by analyzing the TPPL as a function of
interpulse delays, as the solid red lines shown in Fig. 1(b). We
gain 7; to be 1.46 ps, close to the hot-carrier relaxation
through carrier-photon interactions in the previous studies
[19,37]. Specifically, these electrons will eventually lose the
phase information because of the dephasing processes, such
as electron-electron scattering and radiative damping. Within
the dephasing time, these electrons can be coherently excited
to the state |2) or recovered to the state |0), determined by the
phase difference between the plasmon states and the second
pulse. When the excited states are in phase with the second
pulse, electrons arising from state |1) will be coherently
excited to state |2) through farther 1PA and thus predominate
TPPL. In this case, TPPL is dramatically enhanced than pure
2PA (i.e., the single-pulse excitation). The extra PL intensity
results in the giant enhancement on interference fingers
[Fig. 1(c)], compared to that obtained through virtual states
[Fig. 1(e)]. Consequently, the power of the second pulse
governs the intensity of TPPL, therefore displaying a linear
power-dependent behavior. One may intuitively image the
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FIG. 3. Sketching energy levels of AuNP and numerical

simulations. (a) Schematic of the energy levels of AuNP with
real intermediate states. The resonant electric field of the first and
second pulses denote as F; and F,, respectively. The solid and
dashed wavy lines represent the radiative and relaxation proc-
esses. The red balls represent the excited electrons. TPA, two-
photon absorption. (b) The experimental interference fringes and
the corresponding numerical simulation. The parameters used for
simulations can be found in Table I. (c) Spectral characteristics of
the broadband (Vitara) and narrowband (Spirit) femtosecond
laser. Two dashed lines highlight the resonant wavelengths
[c/(2rwy;) = 814, ¢/(2rxw,) = 792 nm] for the simulation of
interference in a. (d) Two-pulse excitation of the same AuNP
using the narrowband laser (Spirit).

competition between 1 and 2PA, particularly under the
nonequilibrium excitation. This can be proved by the
departure of linear fit of Az;p, (the dashed lines) when
the power of the second pulse was much lower than that of the
first pulse. With the increasing of interpulse delays, the ratio
of linear absorption (1 PA) decreases, and that of 2 PA
increases, leading to an increase of nonlinear order, as shown
in Fig. 2(b). As a consequent, we can classify the ultrafast
dynamics of AuNP into three interaction regimes, that is, the
one-photon absorption regime, the two-photon absorption
regime, and the mixed regime between them, respectively,
with thA’ tsz, and tmix for short.

To prove our model and extract the ultrafast parameters
of the three states as well as their couplings, we perform a
numerical simulation to match the coherent interference
fringes. The Hamiltonian of the AuNP can be written as
HNP = Ze Ee|e> <e| + Zl} Ev|U><1}| + Zee’ Zm/ gee’m/le>
|[v)(v'|{€'|, where E, and |e) are the eigenenergies and
eigenstates of the electrons for the AuNP structure fixed at
the equilibrium. E, and |v) are the vibrational energies and
states at the lowest electronic state. The states |e)|v) form a

complete basis set for the Hamiltonian. As discussed above,
the interaction between AuNP and the incident laser pulse
F(f) can be characterized as Hi, = —ji- F(f). For the
double-pulse excitation, F(f) has the form of F(r) =
Fy(t) + F5(t + Ar), where the electric field of each pulse
is approximated as F (1) = Fo-e /7. sin(wgt) for
k=1, 2. Both the first and second pulses have Gauss
envelope, with the pulse duration 7z, and central frequency
wy, respectively [in our experiment 7o = 15 fs; ¢/ (2zw,) =
800 nm].

The total Hamiltonian is them H = Hg + Hp + Hg_p.
The system Hamiltonian involving the laser pulses and the
three states is characterized as Hg = > 2_, E,|n)(n|—

SO B - E(£)|n)(n'|. The other relevant states are
described as bath degrees of freedom with energies E,
and states |b). The Hamiltonian of the bath (Hp) and its
interaction with the system are given by Hp =
S, ENBY(b] and  Hy g = Yt n)(b] + £, b) n]),
respectively. The quantum state of the system can be
characterized by the density operator p(1) =
> P (1) |0) (']. The propagation of the density operator
obeys the quantum master equation (9/0t)p(t) =
(1/in)[Hg, p(t)] — Np(t). Here N is the dissipation
super-operator defined in terms of several dephasing or
relaxation rates I, as M,y = 6Oy . The physi-
cal meaning of each I',,, is transparent. Specifically, I'5, is
the sum of the bath-induced population transfer rate from
|2) = [1) (7»1) and the one from |2) — |0) (y40); while I'y;
means the difference between the population transfer rate
from |1) — |0) (y19) and the one from |2) — |1) (y5;). The
off-diagonal I',,,; means bath-induced dephasing rate of the
coherence between states |n) and |n’). The initial condition
of the quantum state is p,,, (f = —0) = §,06,0. In the
numerical simulations, the density matrix is normalized at
each time step to ensure the conservation of probabil-
ity Z%lzopnn(t) =L

TPPL intensity is proportional to the population of the
state |2), namely, p,,(t). Note, according to the lifetime of
the intermediate state, the values of Ay,; and Ay, are
basically in the same magnitude as 2.83 meV (1.46 ps). To
reach an acceptable match of both interference fingers and
enhanced TPPL beyond interference, two different frequen-
cies [c/(2rnwy ) =814 and c¢/(27w;,) = 792 nm] are
needed to couple the transition of |0) — [1) and
|1) = |2), hinting two-color two-photon absorption. That
is, broadband excitation is needed to prepare the coherent
superposition states and to achieve coherent interference
fringes. To verify this conclusion, we excite the same AuNP
using a narrowband femtosecond laser [Fig. 3(c), Spirit,
Spectra-Physics]. The center wavelength is also 800 nm
with pulse width of 80 fs. The result is presented in
Fig. 3(d). We can find that the enhancement factor is close
to 7, much smaller than that of broadband excitation
(107 £ 12). This result indicates that only a few vibrational
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modes associated with the resonant interference, and thus
most of TPPL intensity was originating from the nonresonant
two-photon excitation. This conclusion can be further
supported by the diminished PL enhancements under the
narrowband excitation with the center wavelength varying
from 790 to 860 nm (Fig. S12 [28]). Therefore, we can expect
that a shorter laser pulse is crucially beneficial for the
preparation of coherent interference fringes. Additionally,
the value of Al can be inspired by previous works
involving dephasing studies [22,35]. With these choices,
the simulated result agrees fairly well with the experiment, as
shown in Fig. 3(b) (Fig. S8 shows simulations with the
timescales of 10 ps [28]). The used parameters listed in
Table S1 coincide with the relevant reports. Moreover, the
dephasing rate Al (, of 349 meV (11.9 fs) agrees well with the
plasmon dephasing rate of similar Au nanoparticles [22,35].

To shed more light on the details of intermediate states and
their critical roles on the coherent interference fringes, we
further studied the size-dependent TPPL on Au nanospheres
(AuNS) with diameters ranging from 20 to 160 nm
(Fig. S13-14 [28]). The corresponding parameters are listed
in Table S1 [28]. Among these parameters, the change of
hly; (Al'y,) and AL, is more significant, implying shorter
dephasing time between the relevant states in larger AuNS.
The variations of these parameters are in accord with the
increase of their vibrational modes. The well reproducible
coherent interference fringes on different Au nanomaterials
pursue a wide variety of applications. For examples, the
coherent control of states population offers an excellent
method to prepare macroscopic superposition at room
temperature under atmosphere environment, rather than
cryostatic conditions under high vacuum previously [38—
40]. Furthermore, the nonequilibrium coherent interference
fringes [Fig. 1(d) and Fig. S5 [28]) indicates that strong TPPL.
can be readily established through the first pulse excitation
with high power, and TPPL can be fully quenched through
stimulated emission by the second pulse with extremely low
power. The feature provide a great opportunity to realize low-
power superresolution stimulated emission depletion
(STED) microscopy [41], overcoming the requirement of
high laser power in STED which can cause photobleaching
and phototoxicity [42,43].

Conclusion.—In summary, we have proved, based on the
TPPL experiments on the timescales from sub-femtosecond
to tens of picoseconds and numerical simulations with a
three-state model, the critical role of the intermediate state
for the coherent interference fringes in individual AuNP.
We presented that TPPL can be enhanced by almost two
orders of magnitude by two-pulse broadband resonant
coherent excitation, compared to that excited by single
pulse. We also demonstrated that ultrafast dynamics and
power-dependent TPPL of AuNP manifested complicated
but regular behaviors with the change of interpulse delays.
By considering the presence of the intermediate state and
its dephasing process, all the experimental results can be

well explained and simulated. We also proved the same
results on the AuNS with different diameters. Our finding
suggests that the intermediate state dominates TPPL under
double-pulse excitation and enables dramatic PL enhance-
ment, highlighting great importance both for basic science
experiments and potential practical applications in opto-
electronics, such as preparation of macroscopic super-
position and implementation of superresolution imaging.
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