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Attosecond photoelectron streaking spectroscopy allows
time-resolved electron dynamics with a temporal resolution
approaching the atomic unit of time. Studies have been per-
formed in numerous systems, including atoms, molecules,
and surfaces, and the quest for ever higher temporal resolu-
tion called for ever wider spectral extent of the attosecond
pulses. For typical experiments relying on attosecond pulses
with a duration of 200 as, the time-bandwidth limitation for
a Gaussian pulse implies a minimal spectral bandwidth larger
than 9 eV translating to a corresponding spread of the de-
tected photoelectron kinetic energies. Here, by utilizing a
specially tailored narrowband reflective XUVmultilayer mir-
ror, we explore experimentally the minimal spectral width
compatible with attosecond time-resolved photoelectron
spectroscopy while obtaining the highest possible spectral
resolution. The validity of the concept is proven by recording
attosecond electron streaking traces from the direct semicon-
ductor gallium arsenide (GaAs), with a nominal bandgap of
1.42 eV at room temperature, proving the potential of the
approach for tracking charge dynamics also in these techno-
logically highly relevant materials that previously have been
inaccessible to attosecond science. © 2016 Optical Society of
America
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Attosecond electron streaking experiments of electron wave
packet dynamics in gases [1] or metals [2] aim mainly for a
high temporal resolution, while an additional high spectral res-
olution is usually not required [3]. This changes dramatically if
semiconductors are investigated. Based on their electron band
structure, they demand both high temporal and high spectral
resolution for the investigation of characteristic band dynamics
as was recently demonstrated in silicon [4] based on transient

absorption spectroscopy [5]. The spectral resolution of experi-
ments providing attosecond temporal resolution is limited by
the minimal required spectral bandwidth of sub-femtosecond
pulses which resulted in typical previous experiments in a spec-
tral bandwidth in the range of 5–30 eV [6]. This precluded
materials with narrower spectral signatures from being studied.

Here we explore the minimal spectral extent required to
achieve both an attosecond temporal and a high spectral reso-
lution in an electron streaking experiment with single attosec-
ond pump pulses and few-cycle near-infrared (NIR) probe
pulses [7]. Streaking of (multi-)fs electron wave packets has
been also realized by THz streaking fields [8] with a high spec-
tral resolution, but on the expense of the loss of attosecond
temporal resolution. An alternative approach may be based
on attosecond pulse trains with intrinsically narrowband and
attosecond temporal resolution being applied in a RABBITT
[9,10] measurement, but the nonambiguous correlation of
sub-fs electron dynamics in matter is difficult.

The dominating generation process for isolated attosecond
pulses in the extreme ultraviolet (XUV) is high-harmonic
generation (HHG) in gases [11,12], driven by intense phase-
stabilized few-cycle laser pulses [7], and consecutive spectral
filtering of the cutoff region by means of a thin metal filter
[13] and a monochromatizing multilayer mirror [14]. Other
methods for generating isolated attosecond pulses are based
on polarization gating [15], intensity gating [16], or the light-
house effect [17]. In attosecond electron streaking experiments,
these attosecond XUV pulses are commonly focused by a mul-
tilayer mirror onto the target to be investigated to photoionize
the target atoms. The freed photoelectrons are then momen-
tum streaked by the co-propagating NIR vector potential [18].
There exists a theoretical upper limit of the attosecond pulse
duration, accompanied by the spectral resolution of the exciting
extreme ultraviolet pulse, where clean electron streaking is still
possible [19]: Δτ � TNIR∕2, with the attosecond pulse dura-
tion Δτ and the electric field period TNIR of the NIR pulse.
The streaking characteristic vanishes for longer attosecond
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pulses, translating into longer electron wave packets and
changes to a sideband [20] pronounced spectrum [19].

As the spectral resolution and attosecond pulse duration is
mainly determined by the multilayer mirror, we have set a full
width at half-maximum (FWHM) bandwidth ofΔE � 1.8 eV
for the mirror’s reflectivity profile as spectral resolution limit for
our experimental investigation. Periodic molybdenum/boron
carbide (Mo∕B4C) layers were chosen for a central energy at
112 eV (5° normal incidence), filtering isolated attosecond
pulses from the HHG cutoff region close to a Gaussian pulse
Fourier limit of 1000 as, and for a spectral streaking resolution
of about 1.8 eV. This allows for single attosecond pump pulses
covering various core levels (Ga 3d at 18.7 eV, Ga 3p ∼100 eV,
As 3d at 41.7 eV) combined with a high spectral resolution for
differing spectrally, e.g., the valence and conduction band of
GaAs. The spectral characterization of the realized mirror
was carried out on a witness sample at the Physikalisch-
Technische Bundesanstalt (PTB) beamline at BESSY II in
Berlin and is shown in Fig. 1.

The spectral measurement indicates a slight shift of the center
energy by 0.6 eV due to deposition effects [21], but an excellent
agreement with the target bandwidth of ΔE � 1.8 eV.
Other multilayer material systems may exhibit a higher peak re-
flectivity in this energy range, but either contain toxic material
(Mo/Be [22]), are not stable, and show long-term degradation
(Mo/Sr [23]) or suffer from strong spectral modulations around
the Bragg peak by Kiessig fringes (Mo/Y [24]) and, therefore,
introduce additional group delay dispersion (GDD) which
broadens the pulse in the time domain [25]. Therefore, we have
chosen Mo/B4C as a material system fulfilling the experimental
demands on high and temporally stable peak reflectivity, small
spectral bandwidth, and a linear spectral phase (advantage of
periodic compared to aperiodic).

The material system Mo∕B4C allows, in principle, a more
precise determination of the spectral resolution limit for attosec-
ond electron streaking experiments by accurately tuning the
multilayer design parameters. The spectral bandwidth of a multi-
layer mirror at a certain central energy can be influenced by the

number of periods N (dependent on the contributing period
number) and the layer thickness ratio γ (bottom layer thickness
versus period thickness d). For example, a spectral bandwidth of
∼500 meV has been realized in the case of Mo/Si multilayer mir-
rors [26] for filtering a single high-harmonic peak utilizing 300
bilayers and a gamma (dMo∕d ) of γ � 0.04 at a central photon
energy of 97 eV. The simulated peak reflectivity and the corre-
sponding spectral bandwidth are dependent on both the number
of periods N and the ratio γ and are for the Mo∕B4C system
depicted in Fig. 2(c). Our previous investigations have revealed
a high film stress within theMo∕B4C stack for a strong detuning
ratio γ and a high period number N (resulting in a high overall
stack height). The strain-induced delamination process of the
coating after the deposition is independent on capping or adhe-
sion layers, as well as on the substrate material (fused silica sub-
strate or silicon wafer), as shown in Fig. 2(b). As we have set an
experimental spectral bandwidth limit of ΔE � 1.8 eV for elec-
tron streaking, we defined a maximum stack height of 400 nm to
prevent a high stress within the coating. This demand resulted in
a final gamma ratio of γ � 0.35 and a period number ofN � 70
facilitating the realization of the coating without delamination, as
shown in Fig. 2(a).

Optimizing the deposition process [27] may allow larger
period numbers and a lower gamma ratio, resulting in a lower
spectral bandwidth and a more accurate experimental determi-
nation of the spectral resolution limit.

To extract both the temporal and spectral resolution of the
attosecond pulses on reflection from the previously calibrated
molybdenum/boron carbide multilayer mirror, we have used
the well-established XUV pump/NIR probe electron streaking
technique thoroughly explained in [18]. On one hand, this
experiment confirms the previously achieved results, since
the spectral and temporal resolution is mainly determined
by the mirror; on the other hand, it proves the realization
of electron streaking with enhanced energy resolution for future
investigation of small-bandgap materials.

Here, attosecond pulses are generated by HHG in a neon
(Ne) gas jet using carrier-envelope phase-stabilized sub-4 fs
NIR pulses (160 mbar, Δτ < 4 fs, 0.5 mJ, f � 55 cm).
This results in an HH cutoff spectrum ranging from 100 to

Fig. 1. (a) Measured spectral reflectivity profile (solid orange) of the
realized Mo∕B4C multilayer mirror, its fit (dotted blue), the target
profile centered at 112 eV (dashed gray), and the corresponding simu-
lated GD (dashed red) within the bandwidth of ΔE � 1.8 eV.
The multilayer design parameters are listed bottom left. (b) Small inset
depicts the complete spectral range of the normalized measured
reflectivity profile indicating a high suppression of lower and higher
frequency components (no filter transmission profile included).

Fig. 2. (a) + (b) Mirror picture without and with delaminating mul-
tilayer coating. (c) Simulated reflectivity dependence on the gamma
ratio γ � dMo∕d and the number of periods N for the Mo∕B4C
material system centered at 112 eV. The corresponding spectral band-
widths in the eV unit are additionally depicted as black contour lines.
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120 eV. The narrowband Mo∕B4C multilayer (double) mirror
is used subsequently, together with a 200 nm thick zirconium
filter, for spectrally filtering at E center � 112 eV and focusing
the attosecond pulses and the co-propagating NIR pulses onto
the surface of a (100) gallium arsenide (GaAs) sample. The
liberated photoelectrons from the Ga 3d core level are then
momentum streaked by the temporally synchronized and
phase-stabilized NIR.

Previous electron streaking measurements have shown that
utilizing a broadband mirror is not adequate to spectrally resolve
the bands of GaAs and have led to the development of the pre-
viously described narrowband mirror. A comparison of raw data

photoelectron emission spectra (unstreaked regime) from the
gallium 3d peak using a broadband, and the previously charac-
terized narrowband XUV multilayer mirror is depicted in Fig. 3.

The streaking spectrogram in Fig. 4(a) is formed through
measuring the delay dependent photoelectron energy and inten-
sity. The measurement shows a well-pronounced streaking trace,
although the spectral bandwidth and the linear phase of the mir-
ror suggest an attosecond pulse duration of approximately half
that of the probing NIR period. FROG/CRAB [28,29] analysis
is performed to retrieve the spectrogram of Fig. 4(b), and to ex-
tract the intensity and group delay of the electron wave packet in
Fig. 4(c), as well as the vector potential of the streaking NIR pulse.
The measured and retrieved photoelectron streaking spectrograms
in Figs. 4(a) and 4(b) are shifted by the binding energy of the Ga
3d core level (Eb � 18.7 eV) and the work function of GaAs
(EWF � 4.69 eV) [30] away from the central energy of the mir-
ror. The spectral characteristic of the retrieved electron wave
packet in Fig. 4(c) shows a spectral bandwidth (FWHM) of
2.8 eV which is 1 eV larger than the measured reflectivity profile
value. This is attributed to the precision of the used time of flight
(TOF) electron spectrometer (1% energy resolution) and the
nonresolved double structure of the gallium 3d peak [31]. A con-
volution of the gallium 3d peak from [31], the mirror and our
TOF energy resolution are shown in Fig. 3 and agree with the fit
of our unstreaked gallium 3d measurement. This bandwidth
spread in the spectral domain leads to a shorter pulse duration
of 780� 25 as in the time domain than was expected from
the mirror characterization; see Fig. 4(d). The retrieved electric
field of the NIR pulse in Fig. 4(e) is calculated from the retrieved
NIR vector potential, which is shown as an eye-guiding white line
in Fig. 4(b), and indicates an electric field period of approximately
2.1 fs. This is approximately 2.5 times the pulse duration of the

Fig. 3. Unstreaked photoelectron spectra of the gallium 3d peak mea-
sured with a broadband (FWHM � 5 eV) multilayer mirror (blue) and
with the narrowband (FWHM � 1.8 eV) Mo∕B4C mirror (red). The
circles and squares, respectively, represent the data points, whereas the
solid lines depict the corresponding Gaussian fit. The convolution
(black) of our TOF ∼1% energy resolution, the mirror, and the gallium
3d spectrum (green) from [31] agrees with our measurement.

Fig. 4. (a) Measured and (b) retrieved electron streaking on GaAs. The white line in (b) depicts the retrieved vector potential A(t) of the NIR.
(c) Retrieved photoelectron wave packet intensity (solid blue) and GD (dashed red) in the spectral domain. (d) Intensity and phase in the temporal
domain. (e) Calculated electric field of the NIR (solid red), the envelope (solid blue), and the simulated XUV pulse (purple).
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retrieved pulse. The convolution of the HHG cutoff (linear de-
crease and linear phase), the mirror parameters (simulated reflec-
tivity profile and phase), and the simulated transmission property
of a 200 nm thick zirconium filter (phase profile included) lead to
the theoretical purple XUV pulse in Fig. 4(e). The theoretical
XUV pulse shows a pulse duration of 870 as and, together with
the retrieval, is close to the theoretical limit for clean attosecond
streaking. The discrepancy of the group delay of Figs. 1 and 4(c)
may be attributed to a small chirp of the harmonics or temporal
effects in solids [32]. Besides the spectral bandwidth of the multi-
layer mirror, we identified the modifiable parameters to receive a
clean electron streaking trace to be the NIR carrier-envelope phase
(CEP), the relative focus position of both pulses, and adjusted the
neon gas pressure. This influences not only the cutoff, but also the
electric field period of the probing NIR by self-phase modulation.

So far, we have classified typical attosecond experiments in
two different sections: extremely short isolated pulses [12,33]
with vanishing energy resolution or setting a time and energy
resolution trade-off utilizing hundreds of attoseconds with a
spectral bandwidth below 10 eV. We have opened the door
for the third section: utilizing long attosecond pulses combined
with a sub-2 eV energy resolution.

In summary, we have shown attosecond electron streaking
on GaAs with a high spectral resolution of ΔE � 1.8 eV at
E γ � 112 eV, close to the limit that the theory predicts [19].
This experiment paves the way for time- and spectrally-resolved
attosecond experiments on GaAs and may even open the door
for time-resolved XMCD (x-ray magnetic circular dichroism)
measurements [34], where a high spectral resolution is required
to resolve spin-orbit coupled states in the future.
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