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Nanoplasmon-Nanoplasma Transition in Cu Nanoparticle:

Distinction of Electron Emission

Xiang Huang, Hao Huang, Xu Han, Wei Cao, Qingbin Zhang,

The electron response of nanoplasmon and nanoplasma in the laser field is
greatly important for improving the functionality and efficiency of many
potential applications. However, how and under what conditions the
nanoplasmon-nanoplasma transition works remains poorly understood due to
radiation damage and charge buildup. Utilizing the combined aerodynamic
lens and velocity map imaging spectrometer, this transition mediated by
different mechanisms are demonstrated, as verified by the distinct
photoelectron momentum distributions from Cu nanoparticles. Initially the
polarization-dependent distributions emphasize the domination of surface
emission driven by the plasmonic field. Subsequently the transition starts and
the competition of volume-multiphoton and thermionic emission plays the
intermediate state dominating the transition process. Finally, a complete
plasma is generated with the leading role of thermionic emission, which is
confirmed by first observing the correlated electronic decay in metal
nanopatticles. These findings bridge the gap between electron emission in
nanoplasmonic and nanoplasma states and identify the mechanism-specific
contributions, which will offer general principles for designing nanostructure
and laser fields to control electron excitation and emission in practice.

* and Peixiang Lu*

electrons oscillate around the ions firmly
fixed to a crystalline lattice, whereas in
the nanoplasma state, the lattice is com-
pletely destroyed.

These two electronic responses of
nanotarget determine the efficiency
and functionality of many applica-
tions. Plasmonic hot electrons are
the heart of introducing nanometer
site selectivity for the enhancements
in catalytic activity.'>'*! Similar op-
portunities exist for solar energy
conversion,'*15]  photodetection,!1¢17]
bright photocathodes,['82%  terahertz
nanoelectronics,?!!  and femtosecond
electron imaging.”? The dilemma
in these applications is to improve
efficiency by increasing the laser in-
tensity while avoiding the transition
from plasmon to plasma. However, the
requirement is different for the poten-
tial cancer nanomedicine application:

1. Introduction

Nanostructured targets are of particular interest because they can
improve laser energy coupling to the target at a microscopic spa-
tial scale. The nanoscale energy localization introduces several
unique, often exotic properties that do not persist in mesoscopic
and macroscopic environments. These properties arise from the
collective response of electrons driven by the laser field, which
exists in two states: nanoplasmonic and nanoplasma states.!"!
The difference is that in the nanoplasmonic state, the de-localized
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nanoplasmonic and nanoplasma states

should coexist.2>?/l The low-density

plasma around the nanoparticle kills
cancer cells, while the nanoparticle itself maintains a nanoplas-
monic state to avoid the risk of toxicity issues induced
by destruction.!’®3!1 In addition, nanoplasma devices, the
nanoplasma-enabled picosecond switches!*?! for example, nor-
mally necessitate a complete transition from plasmonic to the
plasma state. The performance of such devices relies on the level
of controlling the transition to nanoplasma.

Despite the crucial role in various nanoscale systems, how and
what condition the nanoplasmon-nanoplasma transition works
remains poorly understood. The difficulties stem from refreshing
damaged nanoparticles and avoiding charge buildup while study-
ing the transition.[**34l Meanwhile, the electron yields of these
two states differ by several orders of magnitude. The specific role
of the co-existence of multiple ionization mechanisms is still con-
fusing when the transition occurs.** There is a pressing need for
new methods to investigate the nanoplasmon-nanoplasma tran-
sition.

This work distinguishes electron emission pathways during
the nanoplasmon-nanoplasma transition in Cu nanoparticles
(CuNPs). Experimentally we avoid radiation damage and charge
buildup problems by constantly refreshing the samples with new
ones utilizing the aerodynamic lens (ADL) system. The angle-
resolved electron emission is recorded with yield across six orders
of magnitude by operating the velocity map imaging (VMI) in ei-
ther stacking or single-shot mode. In this case, we demonstrate
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Figure 1. Configuration of laser intensity correlated with electron yields per shot. The wide range of laser intensity is classified into three regions according
to the feature of photoelectrons momentum distributions in the following discussion: In Region |, the red area shows dipole emission at the surface
dominating the emission process. In Region 1, the red color spreading into the particle indicates that photoemission occurs inside the particle. In Region
111, the whole sphere turns red. The photoemission occurs across the whole nanoparticle as a result of thermionic emission.

the nanoplasmon-nanoplasma transition by the dramatically dif-
ferent photoelectron momentum distributions (PMDs) from
the surface-multiphoton, volume-multiphoton, and thermionic
emission, as reproduced by Monte Carlo modeling. Moreover, we
present the first observation of correlated electronic decay (CED)
in expanding solid nanoparticles and investigate the role of the
space charge effect in metal-nanoplasma CED.

2. Results and Discussion

In our experiments, a nanoplasmon or nanoplasma is formed
via the illumination of a CuNP (%100 nm in diameter) with a
tightly focused linear polarized laser pulse (~35 fs, 800 nm). It is
worth noting that the actual intensities irradiated on the CuNPs
are sensitively dependent on their position within the laser fo-
cus because the sizes are much smaller than the focus volume.
We thus employ a binning method to determine the local laser
intensity for each CuNP. In this method, we get the histogram
of the number of electrons emitted per laser shot and assume
that the electron yields are directly correlated with the local laser
intensity,[**3’] which is determined to fluctuate from 5x107 to
3.5x10"3 Wem=2 (see the Supporting Information). According to
the characteristics of momentum distribution, we roughly divide
the electron yields, or laser intensity, into three regions, as shown
in the schematic in Figure 1.

We first analyzed the photoelectrons generated from CuNPs
for Region I. For this low laser intensity, the photoelectron yields
are too low to image a complete distribution in a single shot mea-
surement, which requires at least 10° electron yields. Benefiting
from the intensity “binning” method, we can select the measure-
ments with similar electron yields to make a single-intensity ap-
proximation. And then, the selected measurements are added
to generate a complete photoelectron distribution at this laser
intensity. PMDs for the planes parallel (Figure 2a) and perpen-
dicular (Figure 2b) to the laser polarization axis show distinctly
different symmetries. The PMD for the plane perpendicular to
the polarization is azimuthally isotropic, while another is no-
tably anisotropic with stronger photoemission along the polariza-
tion axis, as shown by the angular distributions in Figure 2c. To
quantify the anisotropy, the angular contrast, AC, is introduced
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s AC = e
(within +1°) over the orthogonal directions (90° and 270°) and
parallel directions (0° and 180°) relative to the laser propaga-
tion axis. This definition of angular contrast provides a model-
independent metric of anisotropy of PMD. In the plane parallel
to polarization, the PMD shows a dipole-like character with AC =
0.133, indicating the stronger photoemission in the polarization
direction. This is due to the formation of a polarization-depended
enhancement field on the particle surface by the resonance of the
dipolar excitations (see the Supporting Information). For compar-
ison, the PMD perpendicular to the polarization is approximately
isotropic with AC = 0.005. The fact that AC does not exactly equal
zero can be attributed to the inhomogeneous responsivity of the
imaging detector.

As the laser intensity increases into Region II in Figure 1, a
single image can provide enough electrons to display all the dis-
tribution features. Figure 3a—c shows typical momentum spec-
tra for three low to high laser intensities. Unlike the dipole-like
character shown in Figure 2a, the low-energy electrons form an
isotropic spot in the polarization plane. Besides, it is noticed that
a symmetrical momentum ring appears abruptly at the periphery
of the spot in Figure 3b,c. The isotropic nature of the observed
central spot and the momentum ring (AC = 0) strongly implies
the transition from the polarization-dependent surface photoe-
mission to a new emission mechanism.

To understand the origin of the central spot and the momen-
tum ring, we trace their evolution as intensity increases. First,
only the central spot appears without the momentum ring in
Figure 3a, indicating that the spot appears at a lower intensity
than the momentum ring. Second, although the central spot and
the momentum ring both expand toward higher energy with in-
creased laser intensity, the gap between the two differs in Fig-
ure 3b,c. To quantify the difference in these distributions, we de-
pict the electron energy spectra in Figure 3e. In the spectra, the
peak near zero kinetic energy corresponds to the central spot.
After a fast decay, the energy spectrum corresponding to Fig-
ure 3a tends to flatten out, while the small hump is observed
corresponding to the momentum ring in Figure 3b,c. By mea-
suring the energy gap between the edge of the central spot and
the momentum ring, we find that the energy interval decreases

, where the brackets denote averaging
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Figure 2. The measured PMDs in the planes a) parallel and b) perpendicular to the laser polarization axis. c) Angular distributions determined from the
measured PMDs (a,b). d) Schematic view of surface emission from an illuminated Cu nanoparticle with arrows representing the emission of the dipolar
excitations.

as the laser intensity increases (0.25 eV for Figure 3b and 0.23 eV
for Figure 3c). These observations indicate that the central spot
and the momentum ring respond differently to the laser intensity
modification. We can thus speculate that they account for two in-
dependent ionization mechanisms. We have observed three char-
acteristic distributions: the polarization-dependent dipole distri-
bution, the central spot, and the momentum ring. To identify
the underlying mechanisms, we implement different theoretical
models to reproduce these characteristic distributions. We first
perform the calculations for the dipole photoemission based on
the surface multiphoton emission model.*®! This model presents
a comprehensive treatment of weak-field photoemission from
metal surfaces, including surface effects such as electron reflec-
tion and backscattering. The simulated momentum distribution
in Figure 4a exhibits an apparent dipolar enhancement effect
in the direction of laser polarization. The observed agreement
between experiment and theory underscores the dominant role
of surface-mediated photoelectron emission in Region I. Note-
worthy is the extra collection of low-energy electrons in the cen-
ter (Figure 2a,b) compared to the simulated distribution. This
can be attributed to the scattering from the impurities, such as
residual solvent molecules, attached to the surface during sam-
ple preparation.l*®] The interactions of emitted electrons with the
impurities will reduce the electron energies.

Next, we discuss the appearance of the central spot and the
momentum ring. Intuitively the ring structure stems from mul-
tiphoton emission, verified by the above-threshold ionization
peaks of the photoelectron energy spectrum (see the Support-
ing Information). Moreover, the photoelectrons forming the mo-
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mentum ring can be identified to originate from the volume in-
stead of the surface due to the isotropic structure. Thus we imple-
ment the Monte Carlo method within the ballistic volume mul-
tiphoton emission model***! to reproduce the measured mo-
mentum ring. This model accounts for the excitation, ballistic
traveling, and transmission into the vacuum of emitted volume
photoelectrons. Figure 4b shows the calculated distribution of
volume-emitting photoelectrons, which does exhibit an isotropic
ring structure consistent with the experimental observation. As
for the isotropic central spot exhibiting a smooth decay from
the center to the surroundings, it is the typical distribution of
thermionic emission. To clarify the role of thermionic emission,
electron temperatures are calculated for CuNPs under femtosec-
ond pulsed excitation utilizing the two-temperature model.*?! In
this model, the electron gas thermalizes via electron-electron
scattering due to the decay of excited plasmons into electron—
hole pairs. The final thermionic current is calculated via the
Richardson-Dushman equations.¥] As shown in Figure 3c,
the low-energy electrons converge to form a bright spot, which
matches with the central spot in Figure 3a—c. Consequently, the
experimental results in Figure 3c can be exactly regarded as a
combination of the central spot (Figure 4c) and momentum ring
(Figure 4b). The photoemission process in Region II is mediated
by both volume and thermal emission mechanisms.

The above intensity-dependent PMDs exhibit the transition
of the dominant emission mechanism from surface to vol-
ume. This transition can be attributed to the difference in
strength between surface and internal plasmonic fields. Ac-
cording to the simulated plasmonic field distribution (see the
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Figure 3. a—c) Representative PMDs for increasing (from left to right) laser intensity. The “hole structure,” slight depression in electron yields, at the
center of the PMDs are due to the degraded responsivity of our detector. d) Schematic view of volume emission from an illuminated Cu nanoparticle
(with a quarter section removed to show the volume excitation). e) The photoelectron energy spectra obtained from (a—c). The energy gap between the

edge of the spot and the momentum ring is marked at corresponding curves.
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Figure 4. The simulated PMDs with the laser polarized along the y-axis calculated via a) the surface multiphoton emission model, b) the ballistic volume

multiphoton emission model, and c) the Richardson—-Dushman equations.

Supporting Information), the field enhancement factor at the
surface is about 3.5 at maximum, while only 0.25 within the
volume. Thus the surface electrons can be optically excited at
lower laser intensity. However, the number of so-called “surface
electrons” is much smaller considering the shallow skin depth
(~3.4 nm) of CuNPs.**l As the laser intensity increases, the
volume-emitting photoelectrons gradually increase in number
while surface-emitting photoelectrons reach saturation. Hence
the volume emission finally dominates Region II. Besides the
field strength, the spatial distribution of the field on the surface is
also different from that in the body. The enhanced absorption of
the metal leads to an enhanced internal electric field inside the
CuNPs in the forward direction (the side illuminated by light)
of the propagating laser pulses (see Supporting Information).
This forward-backward asymmetry directly maps to the momen-
tum distribution of the released ions.!**%! However, we find that
the volume-mediated photoelectrons remain isotropic even in an
asymmetric volume field. This is due to the extensive electron—
electron and electron-ion interaction within the volume eliminat-
ing the field asymmetry signatures.
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Besides the unexpected isotropy, it is also found that the mo-
mentum ring shifts toward higher energies with the increase of
laser intensity in Figure 3. This phenomenon has escaped obser-
vation in previous studies, since the laser can only work with in-
tensity below the damage threshold of metallic materials. Mean-
while, the energy of the momentum ring shifts rather slowly as
laser intensity increases in Figure 3. Thus observing this shift
requires the laser intensity to vary over a wide range. Benefiting
from the ADL system,[*’] the damaged sample can be replaced by
new ones for the next laser pulse in our experiments. So we can
employ higher laser intensity than in previous studies. To investi-
gate this response of the momentum ring to the increasing laser
intensity, we introduce the intensity-dependent effects into the
volume emission model. In this model, the laser intensity affects
the emission process in two aspects: ponderomotive energy and
electronic temperature. Theoretical calculations show that the in-
fluence of the ponderomotive energy is negligible in intensity Re-
gion II (see the Supporting Information). The momentum ring
will only shift toward higher energy as the electronic temperature
increases. This can be attributed to the effect of temperature on
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Figure 5. a) The measured PMDs significantly above the damage threshold at the laser intensity. b) Schematic view of thermal emission from a metal
nanoplasma. c) Angle-integrated kinetic energy spectra for three different intensities. The red arrows suggest the CED characteristic peaks. d) The
electron energy spectra below 1 eV of (c). The black arrows suggest the momentum rings.

the initial electron velocity distribution. According to the metal
electron gas model, the increase in temperature will improve the
proportion of high-energy electrons, leading to the shift of the
momentum ring. This provides an efficient way to control the
energy of the volume-emitting electrons.

In addition to the momentum ring, the central spot also ex-
pands as laser intensity increases. Furthermore, the gap between
them keeps decreasing due to the faster expansion of the central
spot, as shown in Figure 3e. One can expect that the momentum
ring will be obscured by the central spot above certain laser in-
tensity. To verify this expectation, we further increase the laser
intensity into Region III. Figure 5a shows a typical PMD at the
highest laser intensity in our experiments. The expanded central
spot dominates the momentum spectrum as expected. The ring
structure is almost indistinguishable in the PMD and only can be
located in the energy spectra as indicated by black arrows in Fig-
ure 5d. Moreover, a new and unexpected peak is observed for each
energy spectrum, as indicated by a red arrow in Figure 5c. And
the peak gradually shifts toward lower energies with increasing
laser intensity. Particularly the peak with the lowest energy lo-
cates at ~14 eV near the binding energy, which is the sum of the
work function (~5 eV) and the Fermi energy (~7 eV).'"848] This
extraordinary peak and its shifting are the typical signatures of
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CED.*! This electron-correlation-driven energy transfer process
marks the generation of the complete plasma, and plays a sig-
nificant role in nanoscale systems interacting with intense laser
pulses. The peak assigned to CED suggests the transition from
nanoplasmonic to complete nanoplasma state. Our experimen-
tal results also demonstrate that CED can be observed in metal-
laser interaction. However, the measured CED peaks of the CuNP
nanoplasma exhibit two abnormalities compared to that in gas
clusters. First, the energy of the CED peaks is slightly higher than
the binding energy. Second, with the enhancement of laser in-
tensity, the CED peaks of the CuNPs do not broaden and fade
as the clusters do, in which the emitted electrons lose energy
that is transferred to surrounding particles by Coulomb interac-
tions. The abnormalities can be attributed to the space charge
effect on the metal surface.l’*>! The velocity of emitted electrons
from metal nanoparticles follows the Maxwell-Boltzmann dis-
tribution. The Coulomb interaction between slow electrons and
fast electrons will accelerate the fast electrons (see the Support-
ing Information). The number of atoms reaches up to 4.4 x 10’
in a CuNP within a diameter of 100 nm. Compared to the gas
clusters, the atom and electron density of CuNPs is significantly
higher. The repulsive electric field generated within the emitted
electrons is thus extraordinarily strong, leading to the CED peaks
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above the binding energy. Furthermore, the space charge effect
counteracts the energy loss of fast electrons so that the CED peaks
are not broadened.

3. Conclusion

In conclusion, we experimentally investigate the nanoplasmon-
nanoplasma transition in CuNPs with the combined ADL and
VMI spectrometer. By distinguishing the characteristic PMDs
with yield across six orders of magnitude, we identify the
underlying emission mechanisms during the transition. Plas-
monic surface-multiphoton emission initially takes a leading
role, which is subsequently replaced when the transition starts.
The competition of volume multiphoton and thermionic emis-
sion plays the transition state dominating the transition pro-
cess. The transition is finally completed with the domination
of thermionic emission. Besides, we observe CED peaks from
CuNPs located where the energy is greater than the binding en-
ergy, and shifting without fading as the laser intensity increase.
To the best of our knowledge, these multi-body correlated ef-
fects have not been reported before in nanoplasma formed from
the metal nanoparticle. We can achieve these results over a wide
range of laser intensities, most likely owing to the space charge
effect caused by the repulsive field from high-density electrons.

Our work provides new insight into the formation of
nanoplasma states. The transition state we demonstrate is del-
icate: the thermionic emission represents plasma formation,
and the volume emission indicates the nanoparticle is still in
a solid state. This is helpful in accurately controlling the state
of nanoparticles in cancer treatment, thereby avoiding the toxic-
ity issues induced by destruction. In addition, our work demon-
strates the photoemission characteristics at each stage during the
transition process. It provides a potential opportunity to further
optimize the performance of nanoplasma devices, such as the
time response of the nanoplasma switch.

4. Experimental Section

In the experiment, a VMI spectrometerl®?] is used to measure the
photoelectron momentum distributions emitted by Cu nanoparticles, as
shown in Figure 6. A nanoplasmon or nanoplasma was formed via the illu-
mination of a CuNP with a tightly focused linear polarized laser pulse (~35
fs, 800 nm). The laser pulse used in these experiments are generated from
aTi:Sapphire femtosecond laser system with a repetition rate of 1kHz. The
combination of a /2 plate of 800 nm and a broadband wire grid polarizer
was used to control the laser intensity. The ADL system provided highly
collimated and tightly focused particle beams, which could refresh the tar-
get for each laser pulse. The isolated Cu nanoparticles (Shanghai Chaowei
Nanotechnology Co. Ltd.) dispersed in water (0.5 g L") were aerosolized
by using a commercial atomizer (TSI model 3076) to generate a nanopar-
ticle aerosol. The Cu nanoparticles beam aerosolized using a fast carbon
dioxide gas stream was focused spot size of 0.5 mm in diameter in the
center of the reacting region, where ultra-high vacuum (10~° mbar) con-
ditions were maintained. Electrons derived from the reacting region were
accelerated within an electrostatic field and recorded on a micro-channel
plate/phosphor screen detector. The final signal would be imaged via a
charge coupled device camera running at an average of 250 frames per
second to match the hit rate and promise a high signal-to-noise ratio.
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Figure 6. Schematic diagram of ADL system and VMI spectrometer of the
electron emission from Cu nanoparticles in ultrafast laser fields at 800 nm.
The VMI spectrometer consists of ion optics (repeller, extractor, ground
plate) and an MCP screen detector. The inset shows the scanning electron
micrographs of an aerosolized Cu nanoparticle used in our experiments.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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