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Attosecond spectroscopy in condensed matter
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Comprehensive knowledge of the dynamic behaviour of electrons
in condensed-matter systems is pertinent to the development of
many modern technologies, such as semiconductor and molecular
electronics, optoelectronics, information processing and photo-
voltaics. Yet it remains challenging to probe electronic processes,
many of which take place in the attosecond (1as =10~ 185) regime.
In contrast, atomic motion occurs on the femtosecond (1fs =
10~ s) timescale and has been mapped in solids in real time'?
using femtosecond X-ray sources’. Here we extend the attosecond
techniques®’ previously used to study isolated atoms in the gas
phase to observe electron motion in condensed-matter systems
and on surfaces in real time. We demonstrate our ability to obtain
direct time-domain access to charge dynamics with attosecond
resolution by probing photoelectron emission from single-crystal
tungsten. Our data reveal a delay of approximately 100 atto-
seconds between the emission of photoelectrons that originate
from localized core states of the metal, and those that are freed
from delocalized conduction-band states. These results illustrate
that attosecond metrology constitutes a powerful tool for explor-
ing not only gas-phase systems, but also fundamental electronic
processes occurring on the attosecond timescale in condensed-
matter systems and on surfaces.

Photoemission spectroscopy is based on the photoelectric effect,
first explained by Einstein more than 100 years ago®. According to
Einstein’s law, photoelectrons ejected from a metal surface by light
will have a kinetic energy that depends on the incident photon energy
and the electron’s original bound state energy. Photoelectron spectra
will thus provide information about the electronic structure of the
metal if well-characterized light sources are used’. Indeed, experi-
ments using a broad range of photon energies have now been per-
formed to determine the steady-state electronic properties of many
bulk materials, thin films, and surfaces. The photoemission process
itself involves three steps: excitation, transport, and ultimately escape
of the photoelectron through the surface®. Here, in a proof-of-
principle experiment, we combine this spectroscopy with attosecond
temporal resolution to obtain time-domain insight into the electron
transport stage of the photoemission process. The measurements
represent (to our knowledge) the first direct attosecond time-
resolved observation of electron transport in a condensed-matter
system, and we expect that they will trigger other experimental
research into the dynamics of processes that have attracted interest
in solid-state and surface science. Such processes include charge
transfer”'®, charge screening'', image charge creation and decay'?,
electron—electron scattering'®, and collective electronic motion'.

Time-resolved photoemission spectroscopy was originally imple-
mented in the picosecond (1ps=10""%s) to femtosecond regime,

using first visible’™'” and then extreme ultraviolet (XUV)'®" radi-
ation. These experiments utilize one light pulse to trigger the
dynamics, followed by a second light pulse to induce photoemission
and thereby probe the transient state. Experiments using the laser-
assisted photoelectric effect have been carried out**** but the XUV
photoemission lasted over several wave cycles of the coincident near-
infrared (NIR) light, limiting the time resolution to >10 fs. To over-
come this limitation, we use single sub-femtosecond XUV pulses*®
for pumping, and coincident NIR waveform-controlled few-cycle
laser pulses™ as a probe®. The XUV pulse triggers the photoemission
process, with only those photoelectron wave packets initiated from
the uppermost atomic layers escaping without inelastic collision.
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Figure 1| Experimental set-up. Waveform-controlled, ~5-fs, 750-nm, 400-pJ
laser pulses are focused with a mirror of 500-mm focal length into a ~2-mm-
diameter tube filled with neon to generate XUV radiation by high-harmonic
generation. The collinear XUV and NIR beams co-propagate towards a cored
two-part mirror in the measurement chamber that is maintained under
ultrahigh vacuum in a 1-m-length differential vacuum pumping stage, until
the beams are separated by a pellicle/zirconium foil assembly. The zirconium
foil transmits the XUV but blocks the NIR. The XUV radiation, indicated by
the blue beam, is incident on a 6 eV (full-width at half~-maximum FWHM)
broad multilayer band-pass reflector centred at ~91 eV, which is mounted on
a piezo-electric delay stage. With a proper XUV spectrum, the multilayer
mirror reflects and focuses ~300-as (FWHM) XUV pulses. The NIR pulse,
indicated by the violet beam, is reflected by a stationary (silver) outer annular
mirror confocal with the inner mirror (f= 12.5 cm). Both pulses are focused
onto the (110) surface of a tungsten single crystal that is mounted on a
manipulator to control the angle of incidence. The manipulator is also used to
retract the crystal into a preparatory chamber for cleaning. Resultant XUV-
induced photoemission, which is detected by the time-of-flight spectrometer
(TOEF), is streaked by the coincident NIR laser pulse.
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Photoexcited electron wave packets propagate through the material
in upper conduction bands, ultimately leaving the surface with an
average kinetic energy determined by the XUV photon energy, the
initial binding energy, and the material work function. An attosecond
transient recorder (ATR), previously developed and used in gas-
phase experiments’, is used to observe the emitted photoelectron
wave packet. In this scheme, the photoelectron momentum is further
influenced by the electric field of a coincident few-cycle NIR laser
pulse, giving rise to a ‘streaked’ final momentum distribution***.

An ATR spectrogram is compiled by measuring a series of streaked
photoelectron spectra with a time-of-flight detector, recorded as a
function of time delay between the XUV pump and NIR streaking
field. Important characteristics of the emitted electron wave packets,
including their duration and frequency sweep, or ‘chirp’, can be deter-
mined from the spectra®*>. If measured for two or more different types
of electrons, the complete ATR spectrograms can also yield relative
timing information about the arrival of the wave packets on the sur-
face, because the streaking effect is negligible until the electrons emerge
from the surface (see Methods). The resolution of the ATR depends on
the duration of the XUV excitation, the gradient of the streaking NIR
field, and the signal-to-noise ratio in the photoelectron spectra.

In comparison to experiments performed on isolated atoms, ATR
measurements in condensed-matter systems are more complicated
because the photoelectron wave packets can be released from energy
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Figure 2 | Attosecond time-resolved photoemission spectra.
a, Photoelectron spectra collected at two different relative delays. The
spectrum recorded at the delay indicated by the white dashed line labelled
(1)’ in b is far from the zero of delay as defined by the overlap of the
maximums of the NIR and XUV pulse envelopes. This spectrum shows
pronounced peaks corresponding to the 4f-state and conduction-band
photoemission. The blue line shows the raw spectrum as recorded by the
time-of-flight detector, and the red line shows the corresponding spectrum
after subtraction of NIR-induced ATI background and numerical
smoothing. The 4f photoemission is peaked near 56 eV. The conduction-
band photoemission is peaked near 83 eV, owing to a high density of d-band
conducting states just below the Fermi energy. Efdenotes the kinetic energy
of a photoelectron excited from the Fermi energy level. The other spectrum
in a (displayed only after ATI subtraction and smoothing) was recorded near
zero delay, as indicated by the white dashed line labelled ‘(2)’. At this delay,
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bands containing many distinct states rather than from a single,
isolated energy level. Unoccupied conduction-band states just above
the Fermi energy (defined by the highest occupied energy level in the
absence of thermal excitation) might become populated by single-
photon absorption of the leading edge of the NIR probe field prior to
XUV photoemission, which is an unwanted complication. In con-
trast to conduction-band states, the localized 4f core states of tung-
sten are deeply bound and fully populated. Therefore, these states are
unsusceptible to this potential influence of the streaking field, and
constitute an ideal test case for proof of the extension of attosecond
metrology to solids.

As a further challenge, above-threshold ionization (ATI) by the
streaking field can, in condensed matter, generate energetic photo-
electrons, obscuring detection of XUV-induced photoelectrons. ATI
is favoured by the low work function of metals (as compared to the
relatively high ionization potential of isolated atoms), which limits
the intensity of the applied streaking field to levels far below those
that can be used in gas-phase experiments.

As indicated by the diagram of the experimental set-up in Fig. 1,
streaked photoemission spectra from a tungsten (110) crystal surface
were recorded by collecting electrons within a narrow cone aligned
perpendicularly to the surface. The relative delay between the XUV
pulse and the NIR waveform-controlled streaking field was varied in
300-as steps in a sequence chosen to minimize systematic error, with
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the XUV pulse peak coincides with the NIR field maximum on our target.
Consequently, the NIR vector potential crosses zero, giving rise to the
strongest streaking and a clear broadening of the photoemission peaks is
observed. b, The full ATI subtracted spectrogram for both the 4f-states and
conduction-band photoemission. The streaking waveform (vector potential)
is evident in both spectrograms, proving the extension of attosecond
metrology to condensed-matter systems. We can expect that the energy
modulation of the conduction-band peak should be a little larger than that of
the 4f peak owing to their initial photoelectron kinetic energy. The
amplitude of the spectral shift has a square-root dependence on initial
kinetic energy (KE)*, yielding an expected ratio in spectral shift of
v/KEcond / KE4r=1.2, which is consistent with our measurements. c, The

reconstructed spectrum corresponding to that measured and displayed in
a. d, The full simulated spectrogram.
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spectra integrated for 60 s at each delay. (For a brief description of the
experiment, see Methods Summary; full details regarding set-up,
measurements and data analysis are provided as Supplementary
Information.) Characteristic spectra obtained with our system are
shown in Fig. 2a, indicating that emission from the conduction band
occurs at a kinetic energy of ~83 eV while emission from the loca-
lized 4f states occurs at ~56eV. At kinetic energies significantly
below the 4f peak, the measured spectrum is due to NIR-induced
ATI photoelectrons and XUV-generated photoelectrons that have
undergone inelastic scattering.

The two distinct background components were distinguished by
recording an additional photoelectron spectrum without the NIR
streaking field. The ATI component was subsequently subtracted
from the measured data (see Supplementary Information). This sub-
traction is illustrated for a fixed delay in Fig. 2a, and was performed at
each of the delay steps, resulting in the full spectrogram presented in
Fig. 2b. Here, a positive relative delay corresponds to the XUV pulse
arriving earlier with respect to the streaking field at the surface. Both
the 4f and conduction-band photoemission exhibit a pronounced
periodic upshift and downshift in energy as a function of relative
delay and, as in previous gas-phase experiments, the spectrogram
reveals the waveform (vector potential) of the streaking field>***.
Our ability to resolve the field oscillation indicates that the photo-
emission from the 4fcore states and from the conduction band is sub-
femtosecond in duration, and proves that attosecond metrology has
been successfully extended to condensed-matter systems.

Further examination reveals that the 4f spectrogram is shifted
along the delay coordinate with respect to the conduction-band
spectrogram. This effect is readily apparent upon inspection of the
smoothed spectrograms that are obtained by interpolation of the
measured data and shown in Fig. 3a. We quantify the temporal shift
in the measured data by evaluating, for each delay step, the centre-of-
mass (COM) of the spectral regions spanning the 4fand conduction-
band peaks that cover the energy intervals 47-66 eV and 66-110 ¢V,
respectively. Characterizing the periodic motion of the peaks through
their COM requires no assumptions or fitting parameters, yet yields
timing information that is invariant to fluctuations in the instant-
aneous laser parameters. The approach is also relatively insensitive to
inelastic scattered background photoelectrons, which could not be
subtracted from our measurements. As a result, the COM accurately
describes the streaking-induced time-dependence of the energy shift
of the 4f and conduction-band peaks, as shown in Fig. 3b.

By comparing the COM trajectories of the 4fand conduction band
at the seven zero-crossings of the vector potential, we obtain seven
independent measurements of their relative timing. This yields a
temporal shift of At =110 = 70as between the ATR spectrograms
of the conduction-band and 4f photoelectrons. (The error estimate
results from a straightforward extrapolation of the error in calculat-
ing the COM; see Supplementary Information.) This shift or delay
was observed in different independent measurements made at dif-
ferent locations on the tungsten sample, with the results corroborat-
ing the above value of At to within the measurement error. We note
that the rather large error associated with our At value could be most
effectively reduced in future measurements by using higher XUV
photon energies and fluxes.

The shift between the two spectrograms indicates that, on average,
photoelectrons originating from the localized 4f states emerge from
the tungsten surface approximately 100 as later than those origin-
ating from the delocalized conduction band—even though the
photoemission process for both types of electrons is initiated simul-
taneously by the same XUV pulse. The delay effect thus occurs during
transport of the excited photoelectrons to the surface, illustrating
that our technique provides a means to directly observe features of
electron wave packet propagation towards the surface with attose-
cond precision.

By adapting a quantum mechanical model used in previous gas-
phase streaking experiments®, we are able to reconstruct the measured
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spectra and spectrograms. The modelling of the streaking experiment
requires some assumptions, leaving several parameters (such as dura-
tion of the electron wave packets, their chirp, and their emission time)
for optimization. Figure 2¢ and d shows the reconstructions that best
agree with experiment. These were obtained for wave packets with a
duration of ~300as (full-width at half-maximum, FWHM) and
assuming a delay of ~100 as between the emission times of the electron
wave packets, which supports the conclusions drawn from the COM
analysis.

Our measurements also indicate that electron wave packets
launched from both the localized 4fand delocalized conduction-band
states are nearly undistorted on propagation to the surface. To explain
the observed delay, we consider the group velocities for the two differ-
ent photoelectron wave packets travelling in the solid. The crucial point
is that after absorption of an XUV photon, the electron is excited
into an upper conduction band region that depends on the electron’s
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Figure 3 | Evidence of delayed photoemission. a, The 4f and conduction-
band spectrograms, following cubic-spline interpolation of the measured data
(but without background subtraction). The spectral region between ~65 eV
and ~83 eV has been omitted to more easily compare the edges of the 4fand
conduction-band peaks. A small shift in the relative delay is evident, as
indicated by the white dashed lines through the fringes, and can be seen at
each fringe maximum and minimum. Quantification of the shift of the 4fwith
respect to the conduction-band spectrogram is made by COM analysis, and is
summarized in b. The energy intervals, within which the COMs were
calculated, are 47—66 eV for the 4f photoemission peak and 66-110 eV for the
conduction-band photoemission peak. Vertical error bars (*+1s.d.) are
calculated from noise in the measured spectra (see Supplementary
Information for details). For ease of visual comparison, the COM energy shift
of the 4f spectral region was scaled by a factor of 2.5, to offset the stabilizing
effect of the background plateau underneath the 4f peak (see Supplementary
Information), in order to illuminate the ~100 as delay in emission. Rescaling
these COM data points along the energy axis cannot influence the measured
delay. The COM data points were fitted with a damped sinusoid, which
corresponds to the NIR streaking field, to guide the eye.
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initial binding energy and the XUV photon energy. If the relationship
between momentum and energy of such an electron were that of a free
electron, the ratio of velocities of the conduction-band and 4felectrons
travelling with energies of 85eV and 58 eV, respectively, would be a
factor of ~1.2 (energy is defined with respect to the Fermi energy inside
the material). However, elastic interactions with atoms in the crystal
lattice, which give rise to electronic band structure, modify the
momentum—energy relationship. This implies that in tungsten for
XUV photon energies of ~91 eV, the mean velocity of the conduction-
band photoelectrons is approximately twice that of the 4f photo-
electrons (see Supplementary Information). We also note that due to
their longer inelastic mean free paths®, the slow 4f photoelectrons
originate, on average, from ~1 A deeper in the tungsten crystal than
the fast conduction-band photoelectrons. On the basis of these
considerations, we estimated the absolute delay between the initial
excitation of a photoelectron and its escape through the surface to
be ~60as and ~150as for the conduction and 4f photoelectrons,
respectively. These values suggest a relative delay between photo-
electron emissions from the surface of ~90as, which is in good
agreement with the observed delay in the emission of the 4f and
conduction-band photoelectrons.

In summary, our observations demonstrate the successful
extension of attosecond metrology to condensed-matter systems.
Although the current experimental apparatus provides access to only
the relative group delay in electron wave packet propagation, future
measurements of absolute emission delays may be feasible using the
same methods, for example by direct comparison with gas-phase
ATR data. At this point, attosecond photoemission spectroscopy
presents a clear path toward ultimately uncovering the intermediate
processes leading to ejection of a photoelectron. This information
might shed new light on data previously obtained with conventional
time-integral photoemission spectroscopy and allow for accurate
description of charge dynamics on the electronic timescale in both
condensed matter and on surfaces.

METHODS SUMMARY

A 1-kHz-repetition-rate, waveform-controlled, few-cycle, ~5-fs, 400-11J, 750-nm
Ti:sapphire laser system is the front-end of our apparatus and is used in com-
bination with proper spectral filtering to efficiently generate isolated attosecond
pulses of XUV radiation by high-harmonic generation. As shown in Fig. 1, the
XUV and NIR pulses co-propagate towards a two-part focusing mirror at near
normal incidence. The inner component is a Mo/Si multilayer mirror and reflects
the XUV radiation over a bandwidth of ~6 eV (FWHM) centred at ~91 eV,
supporting 300-as transform-limited pulses®. The XUV mirror is mounted on a
translation stage, providing a precise delay between the XUV pump and the NIR
streaking pulse. The temporal resolution that can be achieved in pump-probe
experiments using these pulses and this apparatus is expected to be a small
fraction of the pulse half-width because XUV pulses generated with similar
spectra and multilayer optics have previously been fully characterized and
observed to be gaussian®.

The tungsten surface must be sufficiently free of contamination to minimize
photoelectron scattering on emission. Therefore, the measurement chamber is
maintained under ultrahigh vacuum conditions with typical background pres-
sures of < 10~° mbar, which suppresses the accumulation of contaminates on
the crystal surface to a level permitting a full ATR spectrogram to be recorded
without interruption.

In our application of the ATR, detection of electrons occurs in the direction
normal to the tungsten crystal surface, and the NIR streaking field is incident on
the tungsten (110) crystal surface near Brewster’s angle (~75°). For this angle of
incidence, owing to the refractive index of tungsten, photoelectron wave packets
are not efficiently accelerated in the direction of observation until they emerge
from the surface. Even though the streaking field penetrates the tungsten crystal,
inside the material the electric field component along the surface normal is
weaker by a factor of approximately 16, allowing us to neglect streaking effects
until the electron wave packets emerge from the surface. The absence of effective
streaking until the photoelectron emerges from the surface is generally the case
for solids, allowing us to time processes occurring within the material.

Additional, detailed description of the experimental apparatus, measurement
technique, and data analysis is provided in Supplementary Information.
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