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‘We propose a scheme for the reconstruction of plasmomic near-fields at isolated nanoparticles from
infrared-streaked extreme-ultraviolett photoemission spectra. Based on quantum-mechanically mod-
eled spectra, we demonstrate and analyze the accurate imaging of the IR-streaking-pulse-induced
transient plasmonic fields at the surface of gold nanospheres and nanoshells with sub-femtosecond

temporal and sub-nanometer spatial resolution.

PACS numbers:

The dynamical response of atoms, molecules, and
solids to electromagnetic radiation is governed by elec-
tronic processes that occur at the timescale of one atomic
time unit (24 attoseconds = 24 as = 24 x 10718 ) [1].
Driven by rapid progress in the development of table-
top attosecond-duration light sources over the past two
decades [2-16], this timescale has become accessible in ul-
trafast laser laboratories. This enables the recording of
streaked photoelectron spectra ﬂ—@] and two-photon-
two-pathway-photoemission interferograms E, ,
by employing intense few-optical-cycle infrared (IR) laser
pulses in combination with phase-synchronized delayed
isolated attosecond extreme ultraviolet (XUV) pulses or
pulse trains, respectively, by measuring photoelectron
yields as functions of the adjustable delay 7 between the
IR and XUV pulse or pulse train. As this technique is
being further refined, emerging attosecond time-, spin-,
energy-, and emission-angle-resolved photoelectron spec-
troscopy is starting to allow, e.g., the imaging of ultra-
fast bandstructure changes, dynamical screening effects
in solids, and electronic correlation in magnetic materi-

als [d, [ﬁ, 1.

Recent extensions of attosecond time-resolved spec-
troscopy to solid surfaces E, , [Q, L'ITl], @—@, [E] and
nanoparticles ] hold promise to enable the study of
transient collective electronic processes in solids with un-
precedented temporal and added nanometer-scale (1 nm
= 1072 m) spatial resolution. Such investigations are
of applied interest, e.g., for the development of ultrafast
electro-optical switches and computing hardware based
on layered nanostructures B, @] and novel attosecond
nanoplasmonic-field-imaging techniques They
are further propelled by advances in nanotechnology al-
lowing the controlled assembly of metallic structures that
are two orders of magnitude smaller than the wavelength
of (visible) light and, near their plasmon-resonance fre-
quency, respond very strongly to incident IR and vis-
ible electric fields that coherently drive a macroscopic
number of conduction electrons, leading to electric-
near-field-intensity enhancements of up to 10* [23-27].
Such extremely enhanced plasmonic fields are the key
physical phenomenon behind emerging research efforts
in nanoplasmonically enhanced photocatalysis ﬂﬁ] and
light harvestin, % light-triggered drug release from
nanoparticles ﬂ%, ], and electron-point-source devel-
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FIG. 1: (Color online) Schematic of attosecond nanoplas-
monic imaging. An attosecond XUV pulse emits electrons
into the field of a delayed IR streaking laser pulse, whose po-
larization direction can be rotated by a variable angle ¢ rel-
ative to the XUV-pulse polarization. The linear color/gray
scale represents the electric-field-strength enhancement for
50 nm radius Au nanospheres in 720 nm incident IR pulses.

opment [32].

The detailed analysis of spatiotemporally-resolved
photoemission experiments at the sub-fs and nm scales
and the exploration of novel nanoplasmonic applica-
tions rely on discipline-transcending numerical model-
ing within the emerging field of quantum plasmon-
ics E, @, @, Iﬂ, @—@] In this Letter we suggest a
scheme for the reconstruction of plasmonic near-fields of
isolated nanoparticles from IR-streaked XUV photoemis-
sion spectra with sub-fs temporal and nm spatial reso-
lution. We analyze the accuracy of this imaging scheme
for quantum-mechanically modeled streaked spectra from
Au nanospheres [33,[34] (Fig. [), demonstrating excellent
agreement with plasmonic near-fields obtained within
classical Mie theory [36].

We study the photoemission from the conduction band
of Au nanospheres of radius R = 50 nm by isolated Gaus-



sian attosecond XUV pulses
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with central photon energy wx = 50 eV, full width at
half intensity maximum (FWHIM) 7x = 200 as, re-
tardation t, = z/c¢, and vector potential Ax(r,t) =
[ dt’ Ex(r,t) into the electric field of delayed 720 nm,
247 fs (FWHIM), and 10 W/cm? (spheres) or
101 W/cem? (shells) peak intensity streaking pulses.
Atomic units are used throughout this work, unless spec-
ified otherwise. Both pulses propagate along the z-axis
of the laboratory-fixed x'*yz coordinate system that is
centered in the nanosphere. The XUV and IR pulse are
linearly polarized along the /**- and z-axis, respectively,
with adjustable relative polarization direction ¢ (Fig. [I).
Their time delay 7 is assumed positive if the XUV pulse
precedes the IR pulse. Photoelectrons are detected in the
2! 2-plane under the angle 6 with respect to the z-axis,
i.e., in direction i = (0, p).

The large streaking pulse wavelength compared to the
size of the nanosphere implies ‘quasi-static’ conditions
for which Mie calculations show the net IR field to be
efficiently screened inside and oriented perpendicular to
the metallic nanoparticle surface, as for static external
fields @, @] For the assumed XUV and IR pulse pa-
rameters, photoelectrons are exposed to the streaking
field over less than 10 nm. Since the field strength of the
IR-pulse-induced nanoplasmonic field decays outside the
particle as ~ (R/r)3, the spatial range of the enhance-
ment is ~ R é] The streaking pulse length is therefore
short compared to the time it takes photoelectrons to
escape the plasmonic near-field. The ‘slow-escape con-
dition’ @] is thus met, under which photoelectrons do
not experience the spatial variation of the streaking field
after being emitted from nanoparticle surface.

We calculate the quantum-mechanical transition am-
plitude

T;i(ky, T) :i/dt/ drlllﬂj(r,t)AX(r,t)~f)\111-(r,t), (2)

for photoemission by a single XUV photon from an ini-
tial state W; into the final state W} —as a function of
the final photoelectron momentum ky and time delay 7
within the velocity gauge and in single-active-electron ap-
proximation @, @] p = —iV designates the electron
momentum operator. We model initial conduction-band
states,

\I/i(r,t) = \I/i(r)efiwit, (3)

as bound states below the Fermi level of a spherical
square well of radius R = 50 nm, whose depth V =
—W¢ — o0, = —13.1 €V is given by the work function
Wy = 5.1 eV and conduction-band width o. = 8 eV [33].

In contrast to atomic targets, where the inhomogene-
ity of the streaking field can be neglected ﬂé], for 100 nm

diameter nanospheres the emitted electron is streaked
by the inhomogeneous field Eyi(r, t), which we compute
within Mie theory m, @] as superposition of the inci-
dent streaking pulse and its induced plasmonic response
field. This allows us to represent the final photoelectron
state as the exponentially damped generalized ‘Volkov’

wave function [33, [34]
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with the position-dependent phase

;f (r5 t) =

k(1) = /too dt'p?(r,t';71)/2. (5)

The damping factor f(l;k) = exp[—1/(2k)] accounts for
photoelectrons that are excited (‘born’) by the XUV
pulse at position r and scattered inside the nanosphere,
without being detected. It depends on the photoelectron
path length I(r) inside the nanosphere, and the mean free
path x = 5 A, which is approximately independent of
the photoelectron kinetic energy within the energy range
studied in this work HE] We approximate \Ilﬂf semi-
classically by calculating the initial momenta of electrons
released at T-(t) = r at time ¢

p(r,t:7) =k + / dt' Btlir (), + 7). (6)
t

along classical photoelectron trajectories ¥, (') [10]. The
photoemission probability as a function of photoelectron
kinetic energy £, time delay 7, and detection direction n
is obtained as an incoherent sum over all occupied initial
states,

P(Ef)], = % S Lk (7)

J i€occ

Figure Rlshows streaked photoelectron spectra for var-
ious detection angles (0,¢). For a given relative po-
larization direction ¢, the detected peak photoemission
yield is largest along the XUV polarization direction
(0 = 90°) and decreases proportional to cos?(6 — 90°),
following a dipole-emission pattern [Figs.[2l(a){2(c)]. The
streaking-oscillation amplitude also reaches its maximum
at § = 90°, due to emission across the maximally en-
hanced plasmonic near-field (Fig. [[l). For the same de-
tection angle @, streaking oscillations for emission in for-
ward ¢ = 0° and backward ¢ = 180° direction have op-
posite phase due to the dipole character of the induced
plasmonic field [Figs. B(d){2(f)]. Streaking traces calcu-
lated according to Eqs. [@)-(0) follow the instantaneous
net electric IR field E;,;, in the same way as streaked
spectra from atoms [7, d] and surfaces [11, b], retracing
the instantaneous electric field strength of the incident
streaking pulse.

The reconstruction of the net electric field E;,; at the
nanoparticle surface constitutes a challenging inversion
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FIG. 2: (Color online) Streaked photoelectron spectra for
50 nm radius Au nanospheres at detection angles (a)-(c)
© =0° and (a) 6 = 45°, (b) 90°, (c) 135°, and (d)-(f) 8 = 90°
and (d) ¢ = 0°, (e) 90°, (f) 180°. The linear color/gray scale
gives the photoemission yield normalized to the maximum
yields in (a)-(f).

problem, primarily since the spatial inhomogeneity of
E;.: prevents the separation of Eq. (@) in spatial and
temporal terms. However, as will be shown next, the ac-
curate imaging of E;,; becomes possible since both the
quasi-static and slow-escape conditions addressed earlier
are met in the present study. Evaluation of the time
integral in Bq. @) at k; = ksn yields [34]
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In spherical-wave approximation, the spatial integral
in BEq. (8) can be approximated as [41, 42]
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where £, = Rcosf/c and
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Compliance with the slow-escape condition justifies the
approximation

8 B [e%s)
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where Ao;(AR,t, 4+ 7) is the vector potential, whose
quadratic (ponderomotive) term can be neglected at typi-
cal streaking-IR-field intensities ﬂE] Since E;,; can be as-
sumed perpendicular to the nanoparticle surface (quasi-
static condition), i+ Ayor = Ator, and thus

0 - -
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The photoemission probability can now be written
integral-free as
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revealing that, despite being excited at different locations
in the nanosphere, photoelectrons emerging at the sur-
face in detection direction dominate the spectrum. This
lays the foundation for retrieving plasmonically enhanced

electric fields using streaked photoelectron spectra.
For the numerical application in this work, the XUV-
pulse spectral range is limited by 2in2/7x = 4.56 €V,

such that the center of energy (CoE) can be approxi-
mated as [41]

|7TCZ'E)(R/WX ‘25;3/2
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n

This enables the inversion of Egs.([I5) and (I8) to an
analytical expression for the net electric field at position
i = (6, ¢) on the surface and time ¢ [41],

Eit(AR,t) =
gé'_f(t — Rcosf/c) —wx — (3/5)a. = Vo
ot \/25_f(t — Rcosf/c)

(17)
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FIG. 3: (Color online) Time-resolved reconstruction of the
net plasmonic field Eiot(R, t) at the surface of 50 nm radius
Au spheres from the streaked photoelectron spectra in Fig.
Red solid lines show surface electric fields calculated within
Mie theory. Positive values indicate fields pointing outward.
Blue markers represent the electric-field reconstruction ac-
cording to Eq. (7).

This expression allows the spatiotemporal imaging of the
surface plasmonic field with streaked photoemission.

FigureBl shows the reconstruction of the time-
dependent electric fields at the nanosphere surface from
the streaked photoelectron spectra in Fig. The time
derivative in Eq. ([IT) is calculated using B-spline in-
terpolation. The exact and retrieved electric fields are
in excellent agreement. As observed in Fig. [ (i) for
given p, maximum plasmonic enhancement occurs at the
IR electric-field poles at § = 90°, and (ii) for given 6,
the electric fields in forward (¢ = 0°) and backward
(¢ = 180°) directions have opposite phases.

For the spatiotemporal reconstruction of Ey.(nR,t)
only angles # for which the maximum photoemission yield
is no less than half of the maximum yield obtained at
60 = 90° are included. While not mandatory, this re-
striction improves the accuracy of the field retrieval since
the photoemission yield decreases with 6 proportional to
cos?(0—90°). We assume a uniformly spaced angular grid
with (ng x n,) points for § € [45°,135°] and [0°, 360°).
Figure d(a)-(e) show the spatiotemporal profiles of the
incident pulse and the reconstructed plasmonically en-
hanced electric field at the nanosphere surface at the
times ¢ indicated in Fig. E(f). The field is provided on
an (ng x ny,) = (6 x 8) angular grid and B-spline in-
terpolated over the entire § € [0°,180°] angular range.
Both, the temporal oscillation and spatial propagation
are observed in the reconstructed fields. A comparative
animation of the spatiotemporally-resolved exact and re-
constructed electric field at the surface of the nanosphere
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FIG. 4: (Color online) Spatiotemporal reconstruction of the
net plasmonic field Eiot (R, t) at the surface of 50 nm radius
Au (a)-(e) spheres and (g)-(k) shells with 45 nm inner radius
at times indicated by arrows in (f). (f) Eiw:(RR,t) at the
poles [ = (90°,0°)] of the spheres (red solid) and shells (blue
dashed line). Incident IR pulses with peak intensities of 10t
(thin red dot-dashed line) and 10'® W/cm? (not shown) are
applied to spheres and shells, respectively.

is found in Supplementary Material ﬂé_lﬂ

As a second numerical example, we show reconstructed
electric fields at the surface of Au nanoshells in Fig. [{g)-
(k) [43,44]. Since the plasmon resonance of the shells is
near the streaking-pulse wavelength, we reduced the IR-
pulse intensity to 10!° W/cm?, in order to yield compara-
ble peak intensities of Eiot(AR,t) for spheres and shells.
For both spheres and shells Mie-theory-calculated and
reconstructed plasmonic fields are in excellent agreee-
ment [41].

The plasmonic-field-retrieval accuracy for Au
nanospheres is quantified in Fig. Bl in terms of the
average error (including all times and the entire
nanoparticle surface)

[di [dt |Ewi(AR,t) — Eepa(DR, )|

E =
" max {| Bepa (AR, £)|} [ dit [ df

(18)

as a function of the angular grid size. the error does
not exceed 1.5%, and quickly converges in ng and n,.
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FIG. 5: (Color online) Average field-reconstruction error for
different numbers of grid points ng and n..

The 1.36% residual (systematic) error cannot be reduced
by further increasing the number of angular grid points,
due to the physical and mathematical approximations

introduced in our reconstruction method [41].

In summary, based on a quantum-mechanical model,
we show that under quasi-static and slow-escape
conditions the spatiotemporally-resolved plasmonically
enhanced electric field at the surface of metallic
nanospheres and nanoshells can be reconstructed with
high accuracy from streaked photoelectron spectra based
on a simple analytical expression. This suggests the
usage of streaked photoelectron spectroscopy to image
spatiotemporally-resolved electric fields at nanoparticles
and nanostructured surfaces.
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