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Streaked photoemission from nanostructures is characterized by size- and material-dependent nanometer-scale
variations of the induced nanoplasmonic response to the electronic field of the streaking pulse and thus holds
promise of allowing photoelectron imaging with both subfemtosecond temporal and nanometer spatial resolution.
In order to scrutinize the driven collective electronic dynamics in 10–200-nm-diameter gold nanospheres,
we calculated the plasmonic field induced by streaking pulses in the infrared and visible spectral range and
developed a quantum-mechanical model for streaked photoemission by extreme ultraviolet pulses. Our simulated
photoelectron spectra reveal a significant amplitude enhancement and phase shift of the photoelectron streaking
trace relative to calculations that exclude the induced plasmonic field. Both are most pronounced for streaking
pulses tuned to the plasmon frequency and retrace the plasmonic electromagnetic field enhancement and phase
shift near the nanosphere surface.
DOI: 10.1103/PhysRevA.94.051401

Recent advances in nanoscience and nanotechnologies are
creating new avenues for designing and making nanometerscale metal structures which respond to irradiation with electromagnetic radiation by creating a tunable induced electric
field near the metal surface [1,2]. This induced “plasmonic”
field originates in the incident-field-driven coherent collective
motion of conduction electrons which, when stimulated near
its natural resonance (plasmon) frequency, generate a very
large induced polarization in subwavelength-size structures
on substrate surfaces [3–9] and isolated nanoparticles [10].
Near metallic nanospheres and for linearly polarized incident
radiation [10–16], the oscillating induced polarization gives
rise to oscillating plasmonic fields with dipole-like angular
distribution oriented along the polarization direction of the
incident radiation [17].
Strong plasmonic field enhancement effects are linked to
the local dielectric properties of the nanostructure and form
the underlying physical phenomenon in established surfaceenhanced Raman spectroscopy (SERS) [18] and various
prototype and suggested applications, such as attosecond
nanoplasmonic-field microscopy [3] and nanoplasmonically
enhanced photocatalysis [19] and light harvesting [20]. The
detailed understanding of plasmonic excitations in solids
requires imaging techniques that resolve their spatiotemporal
evolution [3,16]. While ultrafast laser technology is available
in many laboratories worldwide, allowing the resolution of
various aspects of the electronic dynamics during the infrared
(IR)-pulse-streaked extreme ultraviolet (XUV) photoionization of gaseous atoms with a precision of about 10 as [21],
a promising emerging line of attosecond science targets the
electronic dynamics in solids, biomolecules, and nanostructures [2,22]. These highly time-resolved investigations on
solid targets address effects that are absent in isolated atoms
in the gas phase, such as the propagation of photoexcited
electrons in the solid, accompanied by elastic and inelastic
scattering [23,24], the emitted photoelectron’s interaction with
equilibrating residual surface-charge distributions [25], and the
inhomogeneous nanoplasmonic enhancement [10,12–16] and
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finite skin depth [26] of the incident IR pulse in photoelectron
streaking measurements.
We
have
developed
a
single-active-electron
quantum-mechanical model for calculating streaked
XUV-photoemission spectra from Au nanospheres with
diameters below the wavelength of the streaking light (Fig. 1).
Our simulated spectra show strong amplitude enhancements
and phase shifts of the photoelectron streaking trace that match
the field enhancement and phase shift of the plasmonically
enhanced streaking field. Our quantum-mechanical numerical
model thus confirms the possibility of imaging the plasmonic
field distribution near nanostructures in streaked electron
spectra predicted by previous classical-mechanics simulations
[10,12–15]. Throughout this work we use atomic units (a.u.)
unless stated otherwise and assume the XUV and streaking
pulses are incident along the x axis and linearly polarized
along the z axis of our coordinate system with origin at the
center of the nanosphere.
We consider electron emission from the conduction band
of a metal nanosphere of diameter D by isolated XUV pulses
into the field of a delayed IR or visible light pulse (Fig. 1).
For streaked photoemission to occur, the XUV pulse length
τX is assumed to be short compared to the period of the
streaking pulse. The streaking pulse intensity assumed in
our numerical applications below is too small to ionize the
nanoparticle, yet it causes a measurable energy shift of the
photoelectron’s final energy εf (τ ) as a function of the delay τ
of the streaking relative to the XUV pulse [16]. This shift is due
to the acceleration of the photoelectron in the total electric field
Etot which is composed of the spatially homogenous incident
streaking field Einc and the inhomogeneous plasmonic field
Eplas it induces in the nanosphere. εf (τ ) further depends on
characteristics of the XUV pulse and the size- and frequencydependent local dielectric response of the nanosphere [17,27].
Detection of εf (τ ) thus reveals information on the plasmonic
field and dielectric properties of the sphere.
For incident plane waves Einc (r,t; ω) = ẑE0 (ω)ei(kx−ωt) ,
we solved Maxwell’s equations for the inhomogeneous total
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By superimposing spectral components Etot (r,t; ω), we
include in

Etot (r,t) = dωEtot,0 (r; ω)eiφtot (r;ω) e−iωt
(2)

FIG. 1. Schematic of attosecond streaking from nanoparticles.
A single attosecond XUV pulse emits electrons into the field of a
delayed IR streaking laser pulse. The linear color scale represents the
local electric-field-strength enhancement η(r) in the x-z plane for a
100-nm-diameter Au nanosphere.

electric field
Etot (r,t; ω) = Einc (r,t; ω) + Eplas (r,t; ω)
= Etot,0 (r; ω)eiφtot (r;ω) e−iωt

(1)

in terms of an infinite series expansion and determined the
expansion coefficients from the boundary conditions at the
sphere’s surface, following Mie [17,28]. The largest electricfield enhancement η(r) = |Etot,0 (r; ω)|/E0 (ω) occurs at the
electric-field “poles” [rp = (0,0,zp )] of the sphere along the
polarization direction and is shown in Fig. 2(a) for 10–200-nmdiameter Au spheres and 400–900-nm-wavelength incident
plane waves, based on experimentally determined complex refraction indices n(ω) for bulk Au [27]. η(rp ) and the local phase
shift relative to the incident wave, φ(rp ) = φtot (rp ; ω) − kzp
[Fig. 2(b)], are strongly enhanced at the Au plasmon resonance
which strongly red shifts for D > 100 nm from 500 to 530
nm [27] in agreement with previous calculations [12] and
measured photoabsorption spectra [29]. For λ  D, φtot (rp )
vanishes as conduction electrons adiabatically follow the
driving external field.
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FIG. 2. (a) Plasmonic field enhancement η(rp ) and (b) phase shift
φ(rp ) at the electric-field poles rp of Au nanospheres with diameters
D as a function of the incident plane wave’s wavelength λ.

the induced plasmonic response of Au nanoparticles to
streaking pulses with Gaussian temporal profiles, 2.47 fs full
width at half intensity maximum (FWHIM), corresponding
to a spectral width of inc = 0.73 eV, and 1012 W/cm2 peak
intensity.
We consider photoemission by the electric field



t − tx 2 −iωX (t−tx )
e
(3)
EX (r,t) = ẑEX exp −2 ln 2
τX
of isolated XUV pulses with a Gaussian temporal profile,
105-eV photon energy, and τX = 200 as pulse length
(FWHIM), where tx = x/c. Since n(ω) ≈ 1 at XUV frequencies, c can be taken as the vacuum speed of light, and the
XUV-pulsevector potential (in Coulomb gauge) is given by
∞
AX (r,t) = t dt  EX (r,t  ).
XUV pulse intensities in typical streaking experiments
result in single-XUV-photon ionization [16]. To first order
in EX , the photoemission amplitude for this process in
the velocity gauge as a function of the final photoelectron
momentum kf and time delay τ is [26]


Ti (kf ,τ ) ∼ dt dr kτf∗ (r,t)AX (r,t) · p̂ i (r,t). (4)
We model the initial conduction-band state i (r,t) in
Eq. (4) as a stationary state in a spherical square well of
radius D/2. The depth of the spherical square-well potential
is assumed to be equal to the sum of the work function (5.1 eV
[30]) and conduction-band width (8 eV [31]) of bulk Au. We
represent the final state as the exponentially damped “Volkov”
continuum wave function [26]
τ
kf (r,t)

1
iφ τ (r,t)
= √ f [l(r); λi )]eikf ·r e kf
,
2π

(5)

with the position-dependent generalized Volkov phase
∞
φkτ f (r,t) = t dt  p2 (r,t  )/2. The damping function f (l; λ) =
exp[−l/(2λ)] describes that photoelectrons, which are excited
(“born”) by the XUV pulse at positions r inside the nanosphere
and subsequently elastically or inelastically scattered before
leaving the nanoparticle surface, are not registered by the timeof-flight detector (Fig. 1). f (l; λ) = exp[−l/(2λ)] depends on
the energy-dependent inelastic mean free path (MFP) λi and
the path length l(r) of photoelectrons inside the nanosphere.
For 80–120-eV photoelectrons considered in this work,
the MFP changes by about 2% [32] and is approximated by
the constant value λi ≈ 4.4 Å, such that only photoelectrons
released within approximately 1 nm beneath the surface
contribute to the streaked spectra. This relaxes our above
assumption of XUV-transparent nanoparticles to a few atomic
layers. l(r) is calculated based on classical photoelectron
trajectories r̃(t  ) with initial positions r̃(t) = r at time t and
initial momenta
 ∞
p(r,t) = kf +
dt  Etot [r̃(t  ),t  ].
(6)
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FIG. 3. Streaked XUV photoemission spectra for 10- and
50-nm-diameter Au nanospheres and streaking-field wavelengths of
720 and 530 nm. The linear color scale gives the photoemission
yield normalized to the maximal yield in (a)–(d). (e) Classical
simulation results by Süßmann and Kling [12]. The red dashed line
shows the CoE of our corresponding quantum calculation in (a). (f)
Photoionization cross section σ (εf ), normalized at σ0 = σ (80 eV).

Assuming that photoelectrons are detected in a very small
solid angle around kf , the photoionization probability is
obtained as a sum over occupied initial states with energies
εi at and below the Fermi energy

P (εf ,τ ) =
|Ti (kf ,τ )|2 .
(7)
i∈occ

For all numerical applications, we assume photoemission
along the XUV polarization direction so that kf = (0,0,kf ).
Figures 3(a)–3(d) show our simulated attosecond streaked
photoelectron spectra for 10- and 50-nm-diameter Au
nanospheres and streaking pulses with central wavelengths
of 720 and 530 nm. The simulated spectra retrace the
temporal profile of the streaking electric field. For a given
streaking-pulse wavelength λ, the streaking-oscillation amplitude δεf (D,λ) increases with the size of the nanosphere,
consistent with the size-dependent plasmonic streakingfield enhancement shown in Fig. 2(a). In contrast, for a
given nanosphere diameter, δεf at 720 nm in Figs. 3(a)
and 3(c) is approximately equal to the respective amplitudes
for 530 nm in Figs. 3(b) and 3(d), due to the cancellation
of two effects. While for atomic targets the photoemission
amplitude of Eq. (4) with final states [Eq. (5)] implies
δεf (D,λ) ∼ λE0 [16], predicting a larger streaking amplitude
at λ = 720 nm, the induced plasmonic field of the nanosphere
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results in δεf (D,λ) being proportional to λ|Etot,0 |. The smaller
induced plasmonic-field contribution to Etot,0 at 720 nm in
comparison with the plasmon-resonance-enhanced streakingfield amplitude at 530 nm thus offsets the decrease of δεf
with increasing λ that is well-known for gaseous atomic
targets.
Figure 3(e) shows classical-trajectory simulations for
10-nm-diameter Au nanospheres [12] for the same streaking
and XUV-pulse parameters as Fig. 3(a). With regard to
their overall shape, these classically calculated spectra are
in fair agreement with our results. However, they show a
noticeable difference in oscillation amplitude and phase. This
may suggest that the coherent interaction of photoelectrons,
which is not included in the classical model, has a noticeable
influence on streaked spectra. The spectra in Ref. [12] and
our results also differ in an approximately 4 eV higher
streaking-trace center of energy (CoE) in the classical model,
due to the restriction in Ref. [12] of electron emission from
the Fermi level, while our quantum calculation includes
emission from all occupied conduction-band levels. Our
quantum-mechanical [Fig. 3(a)] and the classical calculations
in [12] [Fig. 3(e)] also show a pronounced difference in
the electron-spectral-yield distributions along the streaking
traces, i.e., in the delay-dependent photoelectron dispersion. In
addition to the neglect of photoemission from levels below the
Fermi energy in Ref. [12], this difference is due to the classical
simulation modeling photoemission with equal probability
from the entire surface of the nanosphere and over the
entire XUV-pulse spectrum, while the quantum-mechanical
evaluation of the transition amplitude for photoemission
[Eq. (4)] weighs different emission locations, initial states,
and final photoelectron states unequally. Qualitatively, this
discrepancy can be accounted for by considering the energy
dependence of the XUV photoemission cross section [33],
shown in Fig. 3(f).
Figures 4(a) and 4(b) compare our simulated spectra
for 720- and 530-nm streaking pulses for calculations that
exclude the induced plasmonic field. All other parameters
are the same as in Figs. 3(a) and 3(b). For a quantitative
assessment of the induced-plasmonic-field effect on streaked
photoemission spectra, we compare in Figs. 4(c) and 4(d) the
CoE of the spectra in Figs. 3(a) and 3(b) with the spectra in
Figs. 4(a) and 4(b), revealing a significant streaking-amplitude
increase and streaking phase shift caused by the induced
plasmonic field. The amplitude enhancement is consistent
with the increase of the photoelectron’s drift energy in the
plasmonically enhanced streaking field.
Figure 5(a) displays the plasmonic-field enhancement
as a function of the streaking-pulse wavelength. The red
solid line represents the electric field-strength enhancement
η(rp ) at the poles as shown in Fig. 2(a). The dashed line
represents the field enhancement at the surface averaged
over the nanosphere surface with the weight factor | cos θ |2 ,
approximating the total electric-field distribution as dipolar.
The crosses show the enhancement of streaking-oscillation
amplitudes obtained as the ratio of photoemission yields
calculated with and without including the plasmonic field.
It resembles the shape of the averaged electric-field enhancement over one wavelength octave and maps the plasmonic
resonance at 530 nm.
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FIG. 4. Streaked XUV photoemission spectra for streaking-field
wavelengths λ of (a) 720 nm and (b) 530 nm without inclusion of
the induced plasmonic field for 10-nm-diameter Au nanospheres.
Streaking and XUV-pulse parameters are the same as in Fig. 3(a)
and 3(b). Corresponding centers of energy for (c) λ = 720 nm and
(d) λ = 530 nm with (solid red line) and without (dashed green line)
inclusion of the induced plasmonic field. The linear color scale is the
same as in Fig. 3.

The solid red curve in Fig. 5(b) displays the plasmonic phase
shift φ(rp ) of Fig. 2(b) for 10-nm-diameter Au nanospheres
as a function of λ relative to the phase shift at λ = 720 nm,
ϕMie (λ) = φ(rp )|λ − φ(rp )|720 nm .

(8)

Averaging over all directions with weight | cos θ |2 does not
affect ϕMie on the scale of Fig. 5(b). This angular independence
of ϕMie differs from the averaging-dependent amplitude enhancement in Fig. 5(a). This opposite averaging behavior is is
due to the phase shift remaining approximately homogeneous
near the surface, as long as the nanosphere is small compared
to the wavelength of the streaking pulse, even though the
plasmonic field enhancement is spatially inhomogeneous. The
crosses indicate differences φstreak of the phases between
the CoEs of streaked photoemission spectra calculated with
and without the plasmonic field relative to their values at
λ = 720 nm,
ϕstreak (λ) = φstreak |λ − φstreak |720 nm .

(9)

The agreement between the retrieved phases ϕstreak (λ) and
the Mie-theory-calculated phase shifts ϕMie (λ) indicates that
phase information of the induced plasmonic field can be
derived from streaked photoemission spectra. The successful
reconstruction of the plasmonic phase also provides evidence
for the accumulation of λ-independent contributions φprop
during the propagation of photoelectrons. Writing the net
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FIG. 5. Retrieval of the (a) plasmonic electric-field enhancement
and (b) phase shift ϕMie caused by the induced plasmonic field
for 10-nm-diameter Au nanospheres from streaked photoemission
spectra as a function of the streaking-pulse wavelength. The red solid
lines represent calculated electric-field enhancements and phase shifts
at the electric poles of the nanosphere. The red dashed line shows
a weighted average over the nanoparticle surface of the electricfield enhancement. Crosses indicate plasmonic streaking-amplitude
enhancements and phase shifts obtained from streaked photoemission
spectra.

accumulated plasmonic streaking phase difference as
φstreak |λ = φ(rp )|λ + φprop

(10)

yields ϕstreak (λ) = ϕMie (λ). The plasmonic streaking phase
shift thus corresponds to the time delay of the collective electronic motion’s response to the driving pulse. The maximum
streaking phase shift at the plasmon resonance in Fig. 5(b) of
about 0.5 rad corresponds to a delay of the collective electronic
response to the driving streaking field Einc of 130 as.
To conclude, we developed a quantum-mechanical model
and numerically simulated streaked photoelectron emission
from Au nanospheres. Our simulated spectra reveal a plasmonic streaking-amplitude enhancement and phase shift
relative to calculations that exclude the induced plasmonic
enhancement of the incident streaking-pulse electric field.
For streaking-field wavelengths between 450 and 720 nm,
our photoemission spectra retrace the enhancement and phase
shift of the classically calculated plasmonic near field. Our
quantum-mechanical simulations thus substantiate previous
suggestions based on classical simulations [6,12–14] to use
streaked photoelectron spectroscopy for imaging the dielectric
response and plasmonic fields near nanoparticle surfaces.
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