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Streaked photoemission from nanostructured surfaces and nanoparticles by attosecond extreme
ultraviolet (XUV) pulses into an infrared (IR) or visible streaking pulse allows for sub-fs-resolution of
the plasmonically enhanced streaking-pulse electric field. It thus holds promise for the time-resolved
imaging of the dielectric response in and plasmonic fields near nanostructures. After calculating the
plasmonic field induced by IR and visible streaking pulses in 10 to 200 nm diameter Au, Ag, and Cu
nanospheres, we numerically simulated streaked photoelectron spectra within a quantum-mechanical
model. Our spectra show significant oscillation-amplitude enhancements and phase shifts relative
to calculations that neglect the induced plasmonic field. We trace these observable effects to the
distinct dielectric properties of the three investigated metals, demonstrating the applicability of
streaking spectroscopy to the element-specific investigation of induced time-dependent electric fields

near nanoparticle surfaces.

PACS numbers: 73.20.Mf, 78.20.Bh, 78.47.J-
I. INTRODUCTION

Significant advances in nano-science and technologies
have enabled the design and synthesis of nanometer-sized
structures with a tunable response to electromagnetic ra-
diation @ﬁ] Induced by the transient electric field of an
incident laser pulse, this plasmonic response in metals is
due to the electromagnetic field generated by the driven
collective motion of conduction electrons. Near the sur-
face of sub-wavelength-size isolated nanoparticles [@—Ia]
and nanostructured surfaces [B—IE], the induced plas-
monic electromagnetic field can strongly enhance an inci-
dent inducing field, and the plasmonic near-field intensity
can exceed the incident external-field intensity by sev-
eral orders of magnitude E|] Extreme plasmonic light-
intensity amplification beyond 10° is being applied in
well-established surface-enhanced Raman spectroscopy,
allowing the spectroscopic characterization of individual
molecules Iﬂ] This huge light amplification forms the
physical basis for promising new discipline-transcending
techniques, such as attosecond nanoplasmonic-field mi-
Croscopy ﬂ], light harvesting Iﬁ], nanoplasmonically
enhanced photocatalysis [16], and photothermal cancer
therapy |L7]. The continued unfolding of nanoplasmonic
imaging techniques and nanoplasmonically-enhanced de-
vices is supported by recent theoretical |9, 6, @—Iﬂ] and
experimental IZI, @] efforts to help understand and detect
induced plasmonic fields near nanostructures.

In parallel with the development of nanotechnologies
over the past two decades, ultrafast laser-technology has
evolved to provide intense ultrashort pulses of electro-
magnetic radiation in the infrared (IR) and extreme ul-
traviolet (XUV) spectral range with pulse durations of
a few femtoseconds (1 fs = 107'° s) and a few tens of
attoseconds (1 as = 10718 s), respectively. In IR-IR and
XUV-IR pump-probe experiments, pairs of such pulses
can be synchronized, mutually delayed, and jointly fo-
cussed on a target to allow the time-resolved investigation

of the nuclear motion in small molecules M} and elec-
tronic dynamics during the photoionization of atoms Iﬂ
]. In contrast to sub-fs time-resolved photoemission
studies on isolated atoms in the gas phase, experimental
and theoretical time-domain investigations of the elec-
tronic dynamics in complex targets have been initiated
more recently and are up to now limited to a small num-
ber of proof-of-principles studies [@, @] The execution
and theoretical analysis of time-resolved photoemission
from nanotips m, @], solid surfaces, and nanoparticles
in sub-optical-cycle time-resolved streaking , @, 33~
136] and RABBITT (reconstruction of attosecond beat-
ing by interference of two-photon transitions) | ex-
periments add challenges in preparing and characteriz-
ing clean and atomically flat solid surfaces and size- and
shape-selected nanoparticles. Compared with photoemis-
sion from isolated gaseous atoms, numerical simulations
of such experiments on complex targets require, in addi-
tion, the adequate modeling of (i) the complex electronic
band structure [40, [49], (ii) elastic and inelastic scatter-
ing of released photoelectrons inside the solid [@, @],
the excitation of surface and bulk collective electronic
excitations [43 45|, (iii) the dielectric screening and re-
flection [41, 46| of the assisting IR-laser field at the solid
surface, (iv) the influence of equilibrating residual charge
distributions on emitted photoelectrons [44], and (iv) the
effect of spatially inhomogeneous plasmonic fields on the
photoemission process , @—Iﬂ, @]

The combination of modern nanoscience and ultrafast-
laser technology holds promise for enabling improved
and new methods for the imaging of the spatio-temporal
dielectric response of nanostructures and new ultrafast
electro-optical devices ﬂ, @, @, |§l|, @] We here intend
to contribute to this promising emerging field of research
and development by employing a single-active-electron
quantum-mechanical model Ia, @] to the calculation of
streaked XUV-photoemission spectra from Au, Ag, and
Cu nanospheres (Fig. [[). We summarize our numerical
model in Sec. [l which is subdivided into four subsec-
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Figure 1. (Color online) Schematic of attosecond streaking
from nanoparticles. A single ultrashort attosecond XUV pulse
emits electrons into the field of a delayed IR or visible streak-
ing laser pulse. The linear color/gray scale represents the
maximal local electric-field-strength enhancement 7(r) [cf.,
Eq. 28] in the z — z plane for the example of 10 nm diam-
eter Ag nanospheres exposed to 720 nm incident IR pulses
with peak intensity 10">W/cm?.

tions. These describe our calculation of the plasmonic
Ep.s and total electric field E;o; induced by the incident
(visible or IR) streaking pulse within classical electrody-
namics (Sec. [IAl), our quantum-mechanical modeling of
the photoemission amplitude from a given initial valence-
band state of the nanoparticle (Sec. [IB)), an approxi-
mated analytical evaluation of the time-integration in our
expression for the photoemission amplitude (Sec. [[LC),
and our method for sampling over a large number of oc-
cupied initial states, required for the simulation of ob-
servable spectra (Sec. [ID)). In Sec. [[IIl we present our
simulated streaked photoelectron spectra, starting with
the discussion of the dependence of streaked spectra on
the nanoparticle size and streaking-pulse wavelength in
Sec. [[ITAl and following with the comparison of results
from our quantum-mechanical calculation with two in-
dependent classical simulations [19, 48] in Sec. [ITBl In
Sec. [II'Cl we compare examples for the accurate quan-
titative retrieval of plasmonic-field information, followed
by our conclusions in Sec. [Vl Unless stated otherwise,
we use atomic units (a.u.) throughout this work.

II. NUMERICAL MODEL

In our single-active-electron model, we study photo-
emission from the conduction band of a metallic (Au,
Ag, or Cu) nanospheres of diameter D by isolated XUV
pulses into the electric field of a delayed IR or visible
streaking pulse (Fig. [[l). We assume both pulses to be
incident along the positive z-axis and linearly polarized
along the z-axis of our coordinate system, the origin
of which coincides with the center of the nanosphere.

We designate the center-to-center IR-to-XUV pulse delay
time as 7, such that XUV pulses precede the IR pulses
for positive values of 7, and arbitrarily define the time
t = 0 as the instant when the center of the XUV pulse
passes the center of the nanosphere. In compliance with
laser and XUV pulse parameters in typical streaking ex-
periments, we further assume that (i) the XUV pulse
length 7y is significantly shorter than an optical cycle of
the streaking pulse, and (ii) the intensity of the streak-
ing pulse is too small to induce photoemission from the
target or to noticeably perturb the nanosphere’s elec-
tronic structure, thus merely causing a delay-dependent
shift of the photoelectron’s final kinetic energy e ¢ () [31).
This energy shift is observable by streaked photoemission
spectroscopy and carries information on the total electric
field E;y+ near the nanosphere surface. Ei,; is given by
the incident streaking field E;,. and the spatially inho-
mogeneous induced plasmonic field E;qs.

A. Induced plasmonic response to the streaking
field

For any given spectral component of the incident
streaking pulse

Eine(r, t;w) = 2Ey(w) !k« (1)

the corresponding spectral component of the total electric
field,

Etot (r7 ﬁ; W) = Einc(ra ﬁ; W) + Eplas (I‘, ﬁ; W)

_ Etot,O(r;w) eiqbtot(r;w) ei(kmfwt)a (2)

is obtained by solving Maxwell’s equations. This is
done by expressing both the incident and plasmonic field
in terms of an infinite series expansion and by deter-
mining the expansion coefficients by applying the ap-
propriate boundary conditions at large distances from
the nanosphere and for the normal and tangential to-
tal electric-field components at the nanosphere surface
following the work of Mie [@, @] The phase fac-
tor ¢ror(r;w) is defined so that the z-component of
Eio10(r, t;w) is real. ¢uo(r;w) thus constitutes the spec-
tral phase shift of the plasmonically enhanced incident
streaking pulse relative to the incident plane-wave com-
ponent E;p,.(r,t;w).

The dielectric properties of the nanosphere materials
are given by the complex permittivity e(w) = f(w)? or,
alternatively, the complex index of refraction n(w), for
which we adopt the experimental values for bulk Au, Ag,
and Cu of Ref. [51]. Figures (a), Bb), and Blc) show
the real and imaginary components of the permittivity for
Au, Ag, and Cu, respectively. Two distinguishable fre-
quency domains can be identified in these figures [@, ]:
the ‘free-electron region’ (white) at low frequencies and
the ‘interband region’ (shaded) at higher frequencies. In
the free-electron region the incident field oscillates suffi-
ciently slowly for conduction electrons to behave like free
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Figure 2. (Color online) Real and imaginary components of
the complex permittivity e(w) for Au, Ag, and Cu (adapted
from Ref. [51]). The white and shaded areas indicate free-
electron and interband-transition regions, respectively. Ar-
rows point to the dipole surface-plasmon frequencies wp of
sub-wavelength nanoparticles for each material.

electrons as described by the Drude model [@] In this
domain, |Re[e(w)]| and |[Im[e(w)]| decrease as the fre-
quency of the incident field increases, followed by a strong
increase of Im[e(w)] near the threshold of interband
transitions at frequency w;. The interband-transition-
threshold frequencies (wavelengths) are approximately
2.3 eV (530 nm) for Au, 4.0 ¢V (310 nm) for Ag, and
2.1 €V (580 nm) for Cu. In the interband region, the loss
function —Imle(w)]! tends to be large, indicating the
likely loss of photon energy to interband excitations [@]

For sub-wavelength nanoparticles (D << ) the quasi-
static electric-field approximation applies. Within this
approximation, the dipole surface plasmon frequency wp,
i.e., the natural frequency of the induced collective elec-
tron oscillation, can be obtained at the maximal polariz-
ability of the nanoparticle according to the Frohlich con-
dition |54

Rele(wp)] = —2¢€m, (3)

where €,, (=1) is the permittivity of the surrounding
medium (vacuum in this study). The dipole surface plas-
mon frequencies wp = 2.3 €V (530 nm) for Au, 3.4 eV
(360 nm) for Ag, and 3.3 €V (375 nm) for Cu are indi-
cated as arrows in Figs. 2la), 2(b), and 2l(c), respectively.
The resonant behavior of the polarizability at wp also de-
pends on I'm[e(w)] and tends to be most pronounced for
small or slowly varying I'm[e(w)] in the free-electron re-
gion. In contrast, the resonant polarization enhancement
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Figure 3. (Color online) (a) Plasmonic field enhancement
n(rp) and (b) phase shift ¢:ot(rp;w) at the electric-field poles
rp on Au nanospheres with diameters D as a function of the
incident plane wave’s wavelength .

may be suppressed and hardly, if at all, recognizable if
wp lies in the interband region: while the polarization
enhancement in Ag is characterized by a pronounced res-
onance in the free-electron region at wp, for Cu wp - as
determined based on the real part of e(w) only according
to (@) - lies in the interband region where interband exci-
tations damp the surface-plasmon resonance and strongly
red-shift wp to a broad resonance near w;. These pro-
found differences in the dielectric response of Au, Ag, and
Cu are reflected in the calculated electric-field enhance-
ments discussed next.

The ratio of the total and incident electric-field inten-
sity,

n(r) = |Etot,0(r;w)|/ Eo, (4)

defines the plasmonic electric-field enhancement. By cal-
culating the total electric field within Mie theory ,@],
we find the largest electric-field enhancement 7(r,) at
the electric-field ‘poles’ [r, = (0,0, z,)] of the nanosphere
along the IR and XUV polarization direction shown in
Fig. [l FiguresBla),d(a), and[B(a) show n(r,) as a func-
tion of the incident pulse wavelength A\ = 27 /k = 27c/w
for 10 to 200 nm diameter Au, Ag, and Cu nanospheres,
respectively, where c¢ is the speed of light in vacuum.
For nanosphere diameters smaller or equal to D =
100 nm, Au displays a pronounced plasmon resonance at
A =530 nm (w = 2.3 V) [Fig.Bl(a)]. In light of the pre-
ceding discussion, this can be expected, since wp is just
at the threshold for interband excitations wy. The largest
enhancement factor of n(r,) ~ 6 is found for D = 100 nm.
For Ag, on the other hand, wp = 3.4 €V lies within
the free-electron region and is well separated from wy
[Fig. E(a)]. Accordingly, Ag nanoparticles have a com-
paratively narrow (undamped) plasmon resonance near
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Figure 4. (Color online) Same as Fig. Blfor Ag nanospheres.
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Figure 5. (Color online) Same as Fig. Bl for Cu nanospheres.

360 nm (3.4 eV) with large amplitude enhancement. We
find the largest enhancement n(r,) ~ 6 for D = 30 nm.
Silver has the largest enhancement among the three tran-
sition metals compared in this work. For Cu, in sharp
contrast to Ag, wp = 3.3 €V lies deeply within the in-
terband region. Consequently, the enhancement maxi-
mum for Cu nanospheres is strongly red-shifted from wp
to the interband-transition threshold and appears as a
very broad resonance profile in Bl(a). The strongest en-
hancement n(r,) ~ 5 occurs near 580 nm (2.1 eV) for
D =100 nm.

For Au, Ag, and Cu nanopheres with diameters larger
than D = 100 nm, the maximal-enhancement frequencies
are strongly red-shifted and the enhancement maxima
are smaller as compared to particles with D < 100 nm
[Figs. Bla), d(a), and B a)]. This is due to the fact that
as D approaches A, the quasi-static approximation begins

to fail, such that Eq. (8] is no longer valid. These large
size-dependent red-shifts are accounted for by correc-
tions to the Frohlich condition (@) [54] and are confirmed
by strongly red-shifted size-dependent absorption peaks
in measured photoabsorption spectra @] These size-
dependent redshifts are also in full compliance with the
intuitively expected redshift of confinement resonances in
quantum wells of increasing width [cf. Fig. 2 in Ref. [56]].

The local phase shift ¢, (rp;w) at the poles r,, of the
total electric field Eyo(rp, t;w) (@) relative to the incident
field Ejpe(rp, t;w) (@) is shown in Figs. Bi(b), E(b), and
B(b) for Au, Ag, and Cu nanospheres, respectively. For
Au and Ag, the size- and material dependence of the plas-
mon resonance appears in ¢4 (rp;w) in the same fashion
as in the field enhancement n(r,), while for Cu the broad
plasmon resonance visible in 7(r,) near A = 580 nm
in Fig. Bla) translates into a more rapid decrease of
diot(rp;w) in Fig. BIb). The maximal phase shifts in
Figs. Bl(b), Elb), and BIb) are ¢or(rp;w) ~ 1.3 rad for
Au, 2.1 rad for Ag, and 1.2 rad for Cu. These phase
shifts correspond to time delays of the wavefronts of the
plasmonically enhanced spectral components (2]) relative
to the plane waves () of 360 as for Au, 400 as for Ag,
and 370 as for Cu. For A >> D the phase shift vanishes,
as expected, since conduction electrons respond adiabat-
ically to sufficiently slow external field oscillations.

The plasmonically enhanced streaking pulse is given
by the superposition of its spectral components (2I),

Eio(r,t) = /dw Eiot0(r;w) gitor (rw) o—iwt (5)

In our numerical applications below, we consider incident
streaking pulses

Eine(r,t) = /dw Eine(r;w) (6)

with Gaussian temporal profiles, 2.47 fs full width at half
intensity maximum (FWHIM), corresponding to a spec-
tral width of T';,. = 0.73 eV, and a peak intensity of
102 W/cm”.

B. Quantum-mechanical photoemission amplitude

In typical streaking experiments, electrons are emitted
upon absorption of a single photon of the ionizing isolated
XUV pulse Iﬂ] We assume XUV pulses with a Gaussian
temporal profile,

e—iwx (t—tm)

)

(7)
a central photon energy of wxy = 105 eV, and (unless
specified otherwise) a pulse length (FWHIM) of 7x =
200 as, where t, = z/c. We further may assume that
the nanosphere is transparent to the XUV pulses, since
f(wx) ~ 1 at XUV frequencies [51]. Thus, the vector

t—tz\2
Ex(r,t)ziEXexp[—erM( )
TX




potential of the XUV pulse can be written in Coulomb
gauge as

Ax(r,t) = /too dt' Ex(r,t'). (8)

The quantum-mechanical transition amplitude for
single-XUV-photon emission of an electron from an initial
state ¥; into the final state \Ilﬂf in the velocity gauge as
a function of the final photoelectron momentum ky and
time delay 7 is given by |d, [57],

T;(ky,7) :i/dt/ dr¥i’ (v, t)Ax(r,t)-pWi(r,t), (9)

where p = —iV is the electron momentum operator. We
model initial conduction-band states,

U, (r,t) = U;(r)e it (10)

as bound states of a spherical square well of radius D/2
and set the depth of the spherical square-well potential
equal to the sum of the work function and conduction-
band width. The work function and conduction-band
width used in our numerical simulations for Au, Ag, and
Cu are listed in Tab. [II

We represent the final continuum state as the expo-
nentially damped ‘Volkov’ continuum wave function [6]

- 1 ik,or ibp . (vt
b (r,) = =R AJetrme ™ ™0
with the position-dependent generalized Volkov phase

i, (r,1) = /too dt'p*(r,t')/2. (12)

The damping factor f(I;k) = exp[—1/(2k)] accounts
for inelastic scattering of the photoelectron inside the
nanoparticle after being excited (‘born’) by the XUV
pulse at position r. Due to scattering, photoelectrons
born inside the nanosphere are less likely to be registered
by the detector (Fig.[]). In addition to the inelastic mean
free path (MFP) k, the damping factor depends on the
path length I(r) of photoelectrons inside the nanosphere.
# changes by about 2% for the energy range and pulse
parameters and for each of the three transition metals
considered in this work. We can therefore neglect its de-
pendence on the photoelectron kinetic energy and con-
sider it as constant. The MFPs used for our numerical
simulations are listed in Tab. [l We calculate the path
length I(r) numerically, based on classical photoelectron
trajectories ¥(¢') with initial positions r(¢) = r at time ¢
and initial momenta

p(r,t) =k + /too dt’ By [t(t'), 1] (13)

Table I. Workfunctions, conduction-band widths, and mean-
free-paths (MFP) for Au, Ag, and Cu.

Work function [eV] Bandwidth [eV] MFP [A]
Au 5.1 [58] 8 [59] 4.4 160]
Ag 4.5 [58] 8 [59] 4.9 [60]
Cu 4.7 |58 6 [61] 5.1 [60]

C. Evaluation of the photoemission amplitude

The central energy of the XUV pulses (7)) assumed in
this work (105 eV) corresponds to an optical period of
39.39 as. This period being significantly shorter than the
XUV-pulse duration (rx = 200 as) allows the represen-
tation of the XUV-pulse vector potential () in slowly-
varying-amplitude approximation as the Gaussian pulse

Ax(r,t) = / dtl Ex(r,t/)
t

B t—1,\2 .
~ —77% oxp l— 21n2( ) ]e‘“""(t_t’).
wx TX

(14)

Thus, even though the time integral in Eq. (@) extends
over the entire real axis, noticeable contributions to it
only arise near the center of the XUV pulse at t = tx.

The visible and IR streaking pulses we consider have
wavelengths between 350 and 800 nm. Their correspond-
ing optical cycles lie between 1.06 and 2.66 fs and are
significantly longer than the XUV pulse duration. Com-
pared to the envelope of the XUV pulse, the temporal
variation of the streaking field and generalized Volkov
phase ([2) is thus very slow. Consistent with the remark
following Eq. (Id]), we therefore Taylor expand (I2) as a
function of time about t,,

(b;f (I‘, t) = (b;f (I‘, tz) =+ ¢7l;fl(r7t$)(t - tl?)

+ %qﬁﬂf”(r, te)(t — o)+ O((t — 1)), (15)

where the primes refer to time derivatives. Equation
then becomes

iEyx

Ti(kfuT) = — Z - /d3r [V\I}l(r)} \I]"l;’; (I‘, tw)e_iwit'f

wx
°om2 i, ,
X /dt exp [_ ( 7-§< + §¢kf (rutz)) (t_t;v) ‘|

« e—i(¢;f/(r;tm)+wx+wi)(t_tm))' (16)

The time integral now represents the Fourier transforma-
tion of a Gaussian function and can be performed ana-



lytically with the result

Ti(ky,7) = \/Z.:f(x*/d% [V‘I’i(r)} P (st )e e
1 E;/(rutm) +wx +w;i\?
g, Y l‘ ( 207, ) ) ]
(17)
where

P >—\/21“2+ L (v, ). (18)

We perform the three remaining integrations in Eq. (7))
numerically. In numerical tests we confirmed that the
approximation (I6]) to the amplitude ([@) does not induce
noticeable changes in any of the numerical results shown
and discussed in Sec. [Tl below.

D. Summation over initial states

Equation () gives the transition amplitude for pho-
toemission out of a particular initial state W;. Al-
lowing for photoelectron emission from any occupied
conduction-band state, we incoherently add contribu-
tions to the total photoelectron yield from initial states
with energies €; at and below the Fermi energy,

P(Eg,m) = Y |Tilks, 7). (19)

i€occ

Electronic confinement in nm-size objects results in a
very large number of energetically very narrowly spaced
initial conduction-band states. For example, a D=10 nm
Au nanosphere, the smallest diameter considered in our
numerical applications below, contains 26,551 bound
states with maximal angular-momentum quantum num-
ber l,,4. = 65 below the Fermi level, and this number
increases with the size of the nanosphere. We therefore
carried out the summation in Eq. (I9) by dividing the
conduction band into m equal segments, S; = 1,...m,
each segment having n(j) occupied states. Equation (I9)
can then be rewritten as

m
Ej T) Zn
j=1

in x Pj(Ey,7), (20)

Jj=

Z|T (K, 7) 1

ZES

=

where P;(Ey, ) is the average yield in segment S,.

For numerical efficiency, we evaluated Eq. (20]) approx-
imately by replacing P;(Ey, 7) with the averaged yield in
segment S,

q

1
EZ Tt (iyen iy (g, TP (21)

i=1

Pve(Ey,7) =

We obtained Pj“*(Ef,7) by calculating the transition
amplitude for ¢ randomly sampled occupied states in
S;, with the sampling function N () returning uniformly
distributed random numbers in the interval [0,1]. For
m = 10 and ¢ = 10 and all numerical examples discussed
in this work, we found Eq. (1) to approximate the pho-
toemission yields (I9) with a relative error below 5%.

III. STREAKED PHOTOELECTRON SPECTRA

In this section, we discuss our simulated streaked pho-
toelectron spectra for Au, Ag, and Cu nanospheres with
diameters of 10 and 50 nm. For each material, we con-
sider two streaking-pulse wavelengths of 720 nm and the
respective plasmonic-enhancement-resonance wavelength
(530 nm for Au, 360 nm for Ag, and 580 nm for Cu).

A. Size and streaking-wavelength dependence

Figures [6] - [§] show our numerical results for streaked
photoemission spectra from Au, Ag, and Cu nanospheres,
respectively. The streaking traces oscillate with am-
plitudes def(D,\) due to the XUV-IR-pulse-delay-
dependent energy shift imposed by the total electric field
E:o: ([B) on the emitted electron. Their delay-dependence
thus resembles the temporal profile of E;,; as explained
above, relative to which they are phase shifted , ﬁ @]
de (D, \) varies with the size of the nanosphere and the
center wavelength of the streaking pulse. Independent
of the transition metal investigated, de (D, \) increases
with the size of the nanosphere for a given streaking-pulse
wavelength, consistent with and proportional to the re-
spective size-dependent plasmonic enhancements shown
in Figs. B(a), (a), and Bf(a).

With regard to the streaking-pulse-wavelength depen-
dence, de¢(D, ) remains approximately the same for
720 and 530 nm Au nanospheres of a given diameter,
as the comparison of Fig. [B(a) with Fig. B(b) and of
Fig.[Bl(c) with Fig.[6(d) demonstrates. This wavelength-
independence of the streaking amplitude disagrees with
a well-known common feature of streaked photoelectron
spectra from gaseous atomic targets [@], for which the
streaking-oscillation amplitude,

Se (D, \) ~ \E, (22)

is proportional to the incident wavelength and incident
streaking field amplitude, resulting in larger oscillation
amplitudes for larger wavelength. The approximate A-
independence of de (D, A) for Au nanospheres is due to
the cancelation of two effects: while the A\-dependence in
Eq. ([22)) carries over from gaseous atoms to nanospheres,
the incident-streaking-pulse amplitude FEj needs to be
replaced by the amplitude of the plasmonically enhanced
streaking field (Bl) at the nanoparticle surface,

(SEf(D, )\) ~ )\lEtot,0|- (23)
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Figure 6. (Color online) Quantum-mechanically calculated
streaked XUV photoemission spectra for 10 and 50 nm diam-
eter Au nanospheres and streaking-field wavelengths of 720
and 530 nm. The linear color/gray scale gives the photo-
emission yield separately normalized to the maximal yields in

(a)-(d).
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Figure 7. (Color online) Same as Fig. [0l for Ag nanospheres
and streaking-field wavelengths of 720 and 360 nm.
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Figure 8. (Color online) Same as Fig. [l for Cu nanospheres
and streaking-field wavelengths of 720 and 580 nm.

According to Fig. 6, the plasmonic-field enhancement at
720 nm is weaker than for 530 nm (Fig. B]) and (acciden-
tally) happens to balance the increase of de (D, \) with A
found for gaseous atomic targets. The degree of sensitiv-
ity of the streaking-trace amplitude to the nanoparticle
size is thus indicative for plasmonic-field enhancement at
the nanoparticle surface.

We find the same approximate independence of the
streaking amplitude on the streaking wavelength for
10 and 50 nm Cu nanospheres (Fig. B). For a given
diameter, Cu nanospheres reveal approximately the
same streaking-oscillation amplitude des(D,\) as Au
nanospheres, both on resonance (580 nm) and off-
resonance (720 nm). In contrast, the apparent streaking
amplitude for 10 and 50 nm Ag nanospheres is noticeably
larger near the plasmon-resonance wavelength (360 nm)
than off-resonance at 720 nm (Fig. [[). The less-then-
perfect cancelation of the A\ dependence of the two factors
in Eq. ([23) for Ag nanospheres is an expression of the (i)
polarizability of Ag being much larger than the polariz-
ability of Au and Cu and (ii) strong material dependence
of the streaking amplitude.

Figures [0l - [{ show pronounced maxima of the photo-
emission yield at the lowest photoelectron energies, i.e.,
at the energetic minima of the streaking traces. This
energy-dependent variation in photoemission yield is con-
sistent with the known monotonic decrease of the XUV-
photoemission cross section o(es) with the photoelectron
energy in the absence of resonances [57] [cf. Fig. [e)
below|. The contrast between photoemission yields at



maximal positive and negative streaking energy shifts
def(D, ) thus tends to increase with the streaking am-
plitude. Since the streaking amplitude depends on the
streaking wavelength, the nanoparticle size, and its mate-
rial, as discussed above, the maximal emission-yield con-
trast as a function of the time delay 7 is different for
the four wavelengths, three transition metals, and two
particle sizes examined in Figs. [6]- Bl

B. Comparison with classical calculations

In Fig. @ we compare streaked photoelectron spec-
tra for 10 nm diameter Au nanospheres and 720 nm
streaking-field wavelength, resulting from independently
performed classical-trajectory Monte-Carlo simulations
of Siikmann and Kling [19] and Saydanzad et al. [4g],
with our quantum-mechanical simulation. For this com-
parison only, we changed the XUV-pulse length from 200
to 287 as, in order to employ the same XUV parameters
as in the two classical calculations. The classical spec-
tra in Figs. [@(b) and [@c) are calculated for the same
streaking and XUV parameters used in our numerical
model [Fig. @(a)]. At a first glance, the classical and
quantum-mechanical results in Figs. [@(a-c) appear to be
in good agreement, however, examination of their centers
of energy (CoE) reveals three noticeable differences:

First, the CoE in the classical simulation by Siifsmann
and Kling lies approximately 4 eV higher than in the
two other calculations. This is a result of the classical
model in Ref. ] being restricted to photoemission from
the Fermi level only, while both our quantum-mechanical
model and the classical model in Ref. [48] allow for pho-
toemission from all occupied conduction-band states.

Second, the energy-dependence of the photoemission-
yield as a function of the XUV-IR-pulse delay is
different for all three simulations. Consistent with
the photoelectron-energy-dependence of the quantum-
mechanically calculated XUV-photoemission cross sec-
tion o(ef) [57] shown in Fig. @e), the energy depen-
dence of the quantum-mechanical streaking spectrum in
Fig. @a) strongly emphasizes photoemission at lower en-
ergies. This effect is absent in both classically calculated
spectra.

Third, streaking amplitudes and streaking phases pre-
dicted by all three calculations are noticeably different,
as shown for the CoE of all spectra in Fig. @(d). The
quantum-mechanical model predicts the largest and the
classical model in Ref. ] the smallest oscillation am-
plitude. The difference between the two classical cal-
culations appears to be due to different model assump-
tions. While the classical calculations of Saydanzad et
al. ] allow for photoelectron release from inside the
nanoparticle with a dipolar angular distribution and in-
clude electron scattering of released photoelectrons in-
side the nanosphere, the classical model of Ref. [@] re-
stricts conduction-band-electron release to the surface,
does not allow for scattering of photo-released electrons
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Figure 9. (Color online) Calculated streaked XUV photoe-
mission spectra for 10 nm diameter Au nanospheres and
streaking-field wavelengths of 720 nm according to (a) our
quantum-mechanical model, (b) the classical model of Siif-
mann and Kling (adapted from Ref. [19]), and (c) the classical
model of Saydanzad et al. (adapted from Ref. [48]). The lin-
ear color/gray scale gives the photoemission yield normalized
to the maximal yield for each plot. (d) Centers of energy of
the spectra in (a)-(c). (e) XUV-photoionization cross section
o(ey), normalized at o9 = (80 eV).

inside the nanoparticle, and assumes photoemission prob-
abilities that do not depend on the emission location on
the sphere. To some extent the differences in the classical
and quantum mechanical CoE streaking amplitudes and
phases are due to fundamental dissimilarities of classical
and quantum-mechanical dynamics, such as the inclu-
sion/absence of coherence in quantum/classical calcula-
tions.

C. Plasmonic-field-information retrieval

In order to investigate the extent to which plasmonic
field information is imaged in streaked photoelectron
spectra, we calculated streaked spectra with and with-
out including the induced plasmonic field E,.s(r,t) in
Eq. @), while leaving all nanosphere, XUV-, and IR~
pulse parameters unchanged. The CoE of these spectra
for 10 nm Au, Ag, and Cu nanospheres and various wave-
lengths are shown in Fig. [0l They reveal a significant
increase and phase shift of the streaking amplitude due
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Figure 10. (Color online) Centers-of-energy of streaked pho-
toelectron spectra for 10 nm diameter (a),(b) Au, (c),(d) Ag,
and (e),(f) Cu nanospheres, including (red solid line) and ex-
cluding (green dashed line) the induced plasmonic field Epqs

in Eq. @).

to the induced plasmonic field.

In order to retrieve the plasmonic-field enhancement
and phase shift, we fit our numerically calculated CoE to
a sinusoidal function with Gaussian envelope,

e(r) =eo+ Aexp

_ 21112(5)2] cos(wt + ¢), (24)

and adjust the values of g9, A, 0,w, . To quantify the
effects of the plasmonic-field enhancement on streaked
spectra, we introduce the wave-length-resolved (spectral)
streaking-oscillation-amplitude-enhancement factor

Aw
Aw/o

Nstreak ()\) = (25)

A
where A, and A, /, are the oscillation amplitudes ad-
justed according to Eq. (24) with and without including

the induced plasmonic field, respectively. We further de-
fine the spectral phase-shift difference

A(bstreak(/\) = ((bw - ¢w/o)

where ¢, and ¢,,/, are the phases in Eq. (24)), adjusted
with and without including the induced plasmonic field,
respectively.

Figures [i(a), M2(a), and I3(a) show the retrieval of
the plasmonic field enhancement 7 defined in Eq. (@)
and plotted in Fig. B(a), H(a), and Bla), respectively,
as a function of the streaking-pulse wavelength A\ for
10 nm diameter Au, Ag, and Cu nanospheres, respec-
tively. The solid red lines show the electric field-strength
enhancement 7(r,) obtained using Mie theory at the
poles r;, of the nanospheres. The dashed red lines show

. (26)

the field-strength enhancement 7(r), averaged over the
nanosphere surface with the weight factor |cosé|?, ap-
proximating the relative contributions of photoelectrons
emitted at different angles as dipolar. The blue mark-
ers show the streaking-oscillation-amplitude enhance-
ment 7sirear We retrieved from our calculated spectra
by using Egs. 24) and (25). The retrieved streaking-
oscillation amplitude enhancement is in good agreement
with the averaged plasmonic field-strength enhancement
n(r). It not only (i) correctly reproduces the shape of the
field-enhancement factor for each element as a function
of streaking-pulse wavelength, (ii) matches the enhance-
ment maxima at 530 nm for Au, 360 nm for Ag, and 580
nm for Cu, but also (iii) quantitatively reproduces the
numerical value of the averaged enhancement n(r). Ag
nanospheres yields the highest averaged amplitude en-

hancement 7)(r) &~ 8, while for Au and Cu nanospheres

we find 7(r) ~ 3.

Figures [MIi(b), M2(b), and 3[b) show the retrieval of
the plasmonic phase shifts as a function of the streaking-
pulse wavelength for 10 nm diameter Au, Ag, and Cu
nanosphere, respectively. The red solid lines show the
relative plasmonic phase shift

<PMie(/\) - ¢tot(rp)‘>\ - (btot (rp)‘720 nm’ (27)

obtained using Mie theory at the nanosphere poles r,
and defined as the phase shift caused by the induced
plasmonic field for a central streaking-field wavelength A,
(btot(rp)’ ,» relative to the induced plasmonic phase shift
at A = 720 nm [cf. Eq. [@)]. In contrast to the averaged
field-strength enhancement, averaging the phase shift
over the surface with the same weight factor | cos 6]? does
not have a noticeable effect on pps;.. This is due to the
fact that as long as the nanosphere is sufficiently small
compared to the streaking-pulse wavelength, the phase
shift is approximately homogeneous near the nanosphere
surface.

The blue markers in Figs. [[I(b),I2(b), and[I3{b) show

Pstreak ()\) - A¢streak ()\) - A¢straak(720 nm)a (28)

that is, the streaking-phase shifts A¢gireqr(A) defined in
Eq. (26) relative to their values at A = 720 nm. We
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Figure 11. (Color online) Plasmonic amplitude-enhancement
and phase-shift retrieval for 10 nm diameter Au nanospheres
from streaked photoemission spectra. (a) Plasmonic field
enhancement 7 defined in Eq. ({@l), as predicted by classi-
cal electrodynamics: n(rp) (solid red line) gives values at

the nanosphere poles; 7(r) (dashed red line) gives the field-
strength enhancement, dipole-averaged over the nanosphere
surface. Blue markers indicate the retrieved field-strength
enhancement 7sireqr(A) defined in Eq. (28). (b) Plasmonic
phase shift parie(N\) according to Eq. ([27) as predicted by
classical electrodynamics at the nanosphere poles (solid red
line). Blue markers show the retrieved plasmonic phase-shift
difference @sirear(A) defined in Eq. (26]) as a function of the
streaking-pulse wavelength.
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Figure 12. (Color online) Same as Fig. [Tlfor Ag nanospheres.
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Figure 13. (Color online) Same as Fig. [[Tlfor Cu nanospheres.

retrieved @gprear by fitting Eq. 24)) to our calculated
streaked spectra. For all three materials, the retrieved
relative phase shifts are in excellent agreement with the
prediction of classical electrodynamics (‘Mie theory’). In
particular, the retrieved phase differences accurately re-
produce (i) the distinct plasmon resonance peak for Ag
[Fig. I2A(b)], (ii) the step-like shape of the relative phase
shift as a function of streaking-pulse wavelength for Cu
[Fig. @3(b)], and a (iii) combination of both, step and
peak structure, for Au [Fig. [[II(b)].

The successfully retrieval of the plasmonic phase shifts
for all three materials provides strong evidence for the
accumulation of streaking-wavelength-independent con-
tributions A¢p,op during the propagation of photoelec-
trons, leaving the plasmonic phase shift in the electric
field, @tot(rp,w), as the only A-dependent component.
Writing the net accumulated phase difference in streaked
photoelectron spectra as

AQéstreak ()\) = ¢tot (rp) |)\ + A¢p7‘op7 (29)

and taking the difference of Eq. (29)) for any given A and
A = 720 nm yields,

(pstreak(A) = PMie ()\) (30)

This confirms our numerical evidence presented above
that induced plasmonic-field information can be recon-
structed from streaked photoelectron spectra.

The plasmonic streaking phase shift @gsireqr(A) can be
assigned to the photoemission time delay @sirear(N)/w
induced by the collective electronic response of the
nanoparticle to the streaking pulse. Maximal streaking
phase shifts of 0.5 rad for Au, 2 rad for Ag, and 0.2 rad for
Cu correspond to streaking time delays of 140 as, 380 as,
and 60 as, respectively.



In Sec. [TAl we demonstrated that the magnitude of
the plasmonic field enhancement and phase shift are re-
lated to the dipole surface plasmon-resonance and inter-
band transitions. The reconstruction of plasmonic field
enhancements and phase shifts from attosecond streaked
photoelectron spectroscopy may thus provide a not-yet-
explored way of studying not only the dielectric response
of nanoparticles, but also more intricate properties of
their electronic structure, such as interband transitions.

IV. CONCLUSION

We developed a quantum-mechanical model to nu-
merically simulate streaked photoelectron emission from
metallic nanospheres and used this method to simu-
late streaked photoelectron spectra from Au, Ag, and
Cu nanospheres. Our study of plasmonic streaking-
oscillation-amplitude enhancements and phase shifts re-
vealed in streakd photoemission spectra, relative to sim-
ulated spectra that exclude the induced plasmonic field,
show how plasmonic near-field information of metal-
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lic nanospheres can be retrieved from streaked electron
spectra. Our comparative study of element-specific dif-
ferences in streaking-oscillation-amplitude enhancements
and phase shifts reveals the different dielectric properties
of the three transition metals. This further substanti-
ates the potential of streaked photoelectron spectroscopy
for imaging plasmonic near fields, as well as the dielec-
tric response, surface plasmon resonances, and interband
transitions of different materials.
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