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a  b  s  t  r  a  c  t

Time-  and angle-resolved  photoemission  spectroscopy  (trARPES)  using  femtosecond  extreme  ultravi-
olet high  harmonics  has  recently  emerged  as a powerful  tool  for  investigating  ultrafast  quasiparticle
dynamics  in  correlated-electron  materials.  However,  the  full potential  of this  approach  has  not  yet been
achieved  because,  to date,  high  harmonics  generated  by 800  nm  wavelength  Ti:Sapphire  lasers  required
a  trade-off  between  photon  flux,  energy  and  time  resolution.  Photoemission  spectroscopy  requires  a

brought to you by ata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher C
pectroscopy
emtosecond dynamics
wo-photon photoemission
ime-resolved ARPES

quasi-monochromatic  output,  but dispersive  optical  elements  that  select  a single  harmonic  can  signif-
icantly  reduce  the photon  flux  and time  resolution.  Here  we  show  that 400  nm driven  high  harmonic
extreme-ultraviolet  trARPES  is superior  to using  800  nm  laser drivers  since  it eliminates  the  need  for  any
spectral  selection,  thereby  increasing  photon  flux  and  energy  resolution  to <150  meV  while preserving
excellent  time  resolution  of  about 30 fs.
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. Introduction

Angle-resolved photoemission spectroscopy (ARPES) using syn-
hrotron radiation in the extreme ultraviolet (XUV) region of the
pectrum is one of the most powerful techniques used to study
he electronic properties of surfaces, interfaces and correlated-
lectron materials over the last decade [1–3]. ARPES can measure
he energy-versus-momentum electronic structure including the
ermi surface. It also yields information about many-body effects
ince the energy and momentum dependent photocurrent often
eflects the single-particle spectral function. More recently, by
ombining ARPES with the ultrahigh time resolution of fem-
osecond lasers, new frontiers in capturing the fastest processes

elevant to function in materials and at surfaces have been
xplored. One pioneering experiment that illustrated the potential
f time- and angle-resolved photoemission (trARPES) for studying

∗ Corresponding author at: University of Kaiserslautern and Research Center OPTI-
AS, 67663 Kaiserslautern, Germany. Tel.: +49 631 205 3576.

E-mail address: smathias@physik.uni-kl.de (S. Mathias).
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368-2048/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u
hed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/3.0/).

correlated-electron materials was  carried out by Schmitt et al.
in 2008, probing the photo-induced charge-density-wave phase
transition in TbTe3 in real time [4]. A series of experiments soon
followed, where ultrafast ARPES spectroscopy was used to separate
timescales in order to probe the complex and correlated interac-
tions between charges, spins, orbitals and the crystal lattice [5–8].
Until recently, however, trARPES experiments used low-energy
ultrafast laser pulses in the visible and UV region of the spectrum
(up to 7 eV). This limits the accessible energy and momentum space
to about ≈2 eV below the Fermi level and ≈0.5 Å−1, respectively. In
comparison, typical band structures span ≈5 eV, with Brillouin zone
boundaries extending to ≈1.5 Å−1.

Extending trARPES into the extreme ultraviolet (XUV) and soft
X-ray regions of the spectrum can overcome these limitations
of visible/UV laser based approaches [9–21], an approach that
was pioneered by Richard Haight starting in 1989 [10]. Tabletop
high-harmonic sources, in combination with time-of-flight pho-

toemission spectroscopy, had long been used to probe charge
dynamics in organic and semiconducting materials, as well as
in adsorbates [22,23]. By using ultrafast high-harmonic genera-
tion (HHG) in combination with ARPES in 2007, we demonstrated

nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Fig. 1. Phase matched high-harmonic generation in a multicycle driving laser field.
The  figure illustrates the relationship between (a) the time duration of the individual
32 S. Eich et al. / Journal of Electron Spectrosco

ecent quality static ARPES spectra on metals and quantum wells
17,24]. Recently, Rohwer et al. used HHG-based ARPES with a
tate-of-the-art parallel detection scheme to measure the pho-
oinduced suppression of a charge-ordered state in the potential
xcitonic insulator 1T-TiSe2 [13]. Petersen et al. used this technique
o measure the melting transition of charge and lattice order in
T-TaS2 [15]. In 2012, Hellmann et al. demonstrated that trARPES
an in general directly measure the quenching times of electronic
rder parameters and thus identify, via systematic temporal dis-
rimination of elementary electronic and structural processes, the
ominant interactions in correlated electron materials [14]. Also

n 2012, Carley et al. succeeded to map  the transient valence band
tructure of Gd in an ultrafast demagnetization process [16]. For a
omprehensive reviews of high-harmonic radiation in surface sci-
nce, see Refs. [18,25,26]. Nevertheless, despite the great success
f these time-resolved XUV photoemission experiments, the quasi-
onochromatic source requirements impose a trade-off between
HG photon flux, energy, and time resolution.

Here we present a method to overcome these limitations. Specif-
cally, we use the second harmonic (2ω) of a Ti:Sapphire laser
t a fundamental wavelength of 780 nm to generate an isolated
right 7th high harmonic at 22.3 eV. This harmonic can then be
sed for trARPES with 150 meV  energy and 30 fs time resolution,
ithout any trade-off in the XUV photon flux. Moreover, because
f the additionally large (6.4 eV) spectral separation of odd-order
armonics when driven by 2ω (3.2 eV) beams [21,27], we can
mit all dispersive optical elements in the XUV beamline. Thus,
o monochromator is needed that might degrade the XUV pulse

ength and reduce the high harmonic flux. Instead, we directly use
he intrinsic harmonic structure generated within the HHG pro-
ess. Additionally, for shorter wavelength driving lasers, the HHG
rocess is more efficient, so that lower pump intensity is needed
o achieve high photon flux in the XUV [21,28,29]. This approach is
herefore well-suited for trARPES and will also be useful for other
dvanced spectroscopies using HHG such as cold target recoil ion
omentum spectroscopy (COLTRIMS) [30–32], velocity-map imag-

ng (VMI) [33], magneto-optical experiments [34–36], as well as
HG-based coherent diffractive imaging (CDI) applications [9].

. Experiment

.1. XUV trARPES with HHG light pulses

In high-harmonic generation, an intense femtosecond laser
eam is focused into a noble gas, thus generating a train of attosec-
nd XUV bursts that are emitted each half-cycle of the driving laser
eld (see Fig. 1a). To a first approximation, the spectrum of a sin-
le attosecond burst within one half-cycle of the driving laser is
n XUV continuum up to a maximum photon energy that is deter-
ined by the laser intensity and laser wavelength [37]. To generate

iscrete peaks appropriate for high-resolution ARPES, the HHG pro-
ess can be driven by multicycle laser pulses, as shown in Fig. 1a. The
eriodic HHG emission in time gives rise to a periodic emission in
requency, thereby creating a spectrum of odd harmonics, spaced
y two times the fundamental driving laser energy (Fig. 1b). The
andwidth of the HHG emission (�ω) is related to the pulse length
f each attosecond burst (�t) by a time-bandwidth product. The
andwidth of the individual harmonics (ıω) is antiproportional to
he pulse length of the HHG attosecond pulse train (APT, see Fig. 1)
ıt) and therefore also to the pulse length of the fundamental laser
hat drives the HHG process.
Generating bright harmonics requires that the frequency upcon-
ersion process be phase matched [38]. When macroscopic phase
atching is achieved, the laser and high-order nonlinear polariza-

ion propagate in phase (at the speed of light c) throughout the
attosecond burst (�t) and the full attosecond pulse train “APT” (ıt) to (b) the spectral
bandwidth of the HHG comb (�ω) and the spectral width (ıω) of an individual
harmonic.

medium so that the HHG signals from many atomic emitters add
coherently. Phase matching is achieved by balancing the neutral
gas (n > 1) and free-electron plasma dispersion (n < 1) that is cre-
ated as the medium is ionized by the strong electric field of the
driving laser pulse. In a gas-filled capillary waveguide, this phase
matching is achieved by adjusting the gas pressure. This geometry
has also the advantage of a long phase matching region and efficient
differential pumping after the capillary, minimizing reabsorption of
the generated harmonics and allowing for coupling to an ultrahigh
vacuum chamber.

For many applications in ARPES, COLTRIMS or CDI, a single
bright and narrow-band harmonic is required, which is usually
achieved by using a pair of XUV mirrors or a (grating) monochroma-
tor [22,39–41]. Ideally, for time-resolved experiments, the output
would be adjustable and time-bandwidth limited. However, most
single-grating monochromators introduce significant temporal dis-
persion and have low throughput (<30%) [16,42]. Double-grating
time-compensated monochromators that do not provide this tem-
poral dispersion result in even lower throughput (<20%) [43].
Alternatively, narrow band XUV mirrors must trade off reflectivity
(from ≈10% to ≈70% for each mirror depending on XUV wave-
length) to achieve a relatively narrow bandwidth of <1 eV. In the
following, we demonstrate how both the intrinsic structure of the
harmonics in the energy and time domain, and the photon flux,
can be optimized simultaneously so that monochromatizing optical
elements become unnecessary.

2.2. Experimental setup for XUV trARPES
Fig. 2 shows the experimental realization of our trARPES setup
using optimized and bright XUV light pulses. The majority (95%) of
the output of a single-stage, cryocooled, Ti:Sapphire multipass laser
amplifier system [44] operating at 10 kHz, 1.2 mJ, 25 fs, 780 nm is
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ig. 2. Experimental realization of the trARPES setup with optimized and bright XU
n  XUV spectrometer consisting of a grating and a multi-channel plate.

sed to generate the second harmonic in a 200 �m thick beta bar-
um borate (BBO) crystal, which yields pulses at 390 nm with 300 �J
nergy per pulse. Note that we do not compensate for dispersion
fter the frequency doubling process, since we  deliberately want
o drive the HHG process with longer pulses in order to reduce
he bandwidth of the individual harmonics [45]. After frequency
oubling and focusing, we estimate a pulse length of 35–40 fs
transform limit of 30 fs and positive chirp of ∼200 fs2) for the
90 nm pulses. We  focus the blue light (which is separated from the
undamental light with a dichroic mirror) into a 5 cm long, 150 �m
nner-diameter capillary waveguide [38,46] filled with 15–20 Torr
f Kr gas (see Fig. 3b), where we dominantly generate the 7th har-
onic at 22.3 eV (as shown in Fig. 3a, discussed below). We use a Si
afer to reflect the generated HHG light (while rejecting much of

he laser light) onto a toroidal mirror, which is then used to focus

he HHG beam onto the sample in the UHV chamber. The residual
lue light is blocked using a 200 nm thick Al filter. For the results
resented in Fig. 3, the UHV chamber was replaced with an XUV
pectrometer consisting of a grating and multi-channel plate.

ig. 3. Characterization of the HHG output pumped with the second harmonic of the Ti:Sa
atching pressure scan for 390 nm-generated harmonics in Ne, Kr, and Ar. (For interpreta

f  the article.)
es. For the measurements presented in Fig. 3, the UHV chamber was replaced with

2.3. Optimization of the HHG output for XUV trARPES

2.3.1. Elimination of monochromatizing elements
Our first goal for optimized trARPES with XUV pulses is to

maintain bright high harmonic flux and short pulse duration.
Dispersive optical elements in the XUV beamline can increase loss
and cause HHG pulse broadening, so that ideally, we  would omit
these optics entirely and work with the direct output of the HHG
light source. Fortunately, this can be accomplished very naturally
using HHG driven by blue 390 nm lasers. Typically, when the
fundamental of a Ti:Sapphire amplifier system is used for HHG
(centered around ≈780 nm,  and corresponding to a photon energy
of ≈1.6 eV) the odd harmonic spacing is ≈3.2 eV. Considering a
photoemission spectrum recorded with 3.2 eV spaced multiple
harmonics lead to overlapping replicas of the electronic structure

of the sample that are energetically separated by the 3.2 eV, unless
a single harmonic is used. Typical band structures in materials,
in comparison, extend over an energy range of �E ≈ 5 eV below
the Fermi level. Therefore, the replicated photoemission spectra

pphire amplifier. (a) 390 nm-generated HHG spectrum in 15 Torr Kr and (b) phase-
tion of the references to color in this text, the reader is referred to the web version
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ig. 4. Comparison of photoemission maps from TiSe2 as recorded with our previou
c.f.  Rohwer et al. [13], but note that different photoemission cross-sections influen
esolution, right, of <150 meV  at optimal operation conditions.

ill strongly overlap. This is even more critical if one additionally
ants to monitor pump-induced electronic excitations from above

he Fermi level. This problem can be solved, however, by using
igher harmonics of Ti:Sapphire lasers to drive the HHG process.
or example, the corresponding harmonic spacing for the second
armonic of Ti:Sapphire centered at 390 nm is 2 * 3.2 eV = 6.4 eV.
his separation is already sufficient for most materials to achieve
ell-separated electronic band structure replicas in the photoe-
ission spectrum (c.f. Fig. 4, right spectrum). The use of even

horter wavelengths to drive the HHG process, even with different
asers, is of course also suitable [27].

Fig. 3a shows the HHG spectrum generated in 15 Torr of Kr gas
umped by the second harmonic of the Ti:Sapphire amplifier at
90 nm,  for a 300 �J pulse energy. Clearly, the harmonics are well
eparated, with a very strong signal around 22.3 eV (7th harmonic).
dditionally, the 7th harmonic is distinct in comparison to the 5th
nd 9th harmonic, independent of the gas medium due to absorp-
ion and phase matching effects [28,29], i.e. the Al filter blocks
ntensity of the 5th harmonic, and the cut-off energy is just below
he 9th harmonic. This intrinsic distinction is particularly useful,
ince it allows monitoring replica-free band structures over the full
ccessible energy and momentum range. If further distinction of the
th harmonic is needed, which might be the case if time-of-flight
elay line detectors are used, a combination of Al–Sn filters can be
sed [47].

Fig. 3b shows a pressure scan for the 7th harmonic in Ne, Ar,
nd Kr. We  achieve the highest HHG photon flux at pressures
round 15–20 Torr. For the details of HHG spectra with shorter
avelength driving lasers in fibers in comparison to previous works

48], which is not the main topic here, we refer the reader to Refs.
28,29].

.3.2. Stable and narrow bandwidth HHG generation
Our second goal is to generate a stable and ideally time-

andwidth limited HHG spectrum, which is needed to
ccommodate the long spectral integration times and the high
nergy and temporal resolution desired for XUV photoemission
pectroscopy. First, we note that the intrinsic harmonic spectral
andwidth and peak position depends on many factors, such as
he chirp of the fundamental laser pulse used to generate the

armonics. Additionally, excessive laser intensity can lead to
onlinear effects such as self-phase modulation [49], spectral blue
hifting [50], or self-compression of the pulse while propagating
hrough the gas [51]. One way to suppress these effects is to use
G setup with 780 nm HHG driving laser and an energy resolution of about 400 meV
 spectrum), left, and after optimization of the HHG output for an increased energy

the minimum possible laser intensity that is needed to drive a
HHG process, while increasing the spot size.

In general, however, we show here that by using a shorter wave-
length driving laser, it is easier to maintain a bright, stable and
time-bandwidth limited HHG output for trARPES. For shorter wave-
lengths and therefore higher frequencies, the reduced quantum
diffusion of the oscillating electron wavefunction results in a strong
increase in the single-atom rescattering probability, and an asso-
ciated increase in XUV flux. Since the single-atom HHG efficiency
scales with the driving wavelength � as �−5–�−9 [37,52–54], fre-
quency doubling of the driving laser already results in an increase
of the single-atom yield by about two  orders of magnitude [48].
Therefore, by using shorter wavelength driving lasers, the HHG
process can be driven with very moderate intensities that are still
sufficient to achieve bright harmonics. Using moderate intensities
to drive the HHG process enables us to avoid previous detrimen-
tal side-effects (blue-shifting, self-phase modulation) that did lead
to a considerably broader harmonic spectrum than expected from
time-bandwidth product. As an added benefit, due to the shorter
time the electron spends in the continuum, the electron motion and
the high-harmonic bandwidth and peak positions are less sensitive
to the plasma conditions. This results in a HHG spectrum that is
more stable in brightness, spectral position and bandwidth.

Finally and most importantly for ARPES, since the single atom
yield is much higher for shorter wavelength driving lasers, longer
pulses can be used to generate harmonics while still achieving good
conversion efficiency. Using longer driving laser pulses results in
narrower band HHG peaks (c.f. Fig. 1). In other words, energy and
time resolution can be fairly easily adjusted to the specific needs
of the experiment. Therefore, using shorter driving wavelengths at
moderate HHG pump intensities and pulse lengths, narrow-band,
stable, spectrally separated and bright high-harmonic output can
be simultaneously achieved.

3. Time-resolved ARPES with optimized and bright XUV
pulses

Fig. 4 shows photoemission maps of the charge-density-wave
material TiSe2 from our previous work using 780 nm driving light
for harmonic generation (left) [13,17] in comparison to our new

data (right) using 390 nm driving laser. When comparing the elec-
tronic bands in the red marked area between the old and the
new data, one clearly sees that the energy resolution is dramat-
ically increased. In order to characterize the bandwidth of the
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Fig. 5. Photo-induced electronic structure changes of TiSe2. (a–d) Snapshots of the electronic structure as a function of pump-probe delay. (e) Extracted transient dynamics.
The  green line corresponds to the LAPE signal, which is equivalent to a cross-correlation of infrared pump and XUV probe pulse. The red line corresponds to the pulse
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uration of the infrared pump pulse. The black dots (extracted by integrating the p
fit)  show the transient intensity of the back-folded Se 4p bands to the M point, wh
ots  (extracted by integrating the photoemission intensity within the blue rectang

nterpretation of the references to color in this text, the reader is referred to the we

ndividual harmonics, we carried out additional measurements
sing a narrow-bandwidth laser system and a He discharge lamp
not shown). By comparison, we extract values for the energy
esolution that are <150 meV  at optimal operation conditions
depending on chirp, HHG fiber alignment, and gas pressure). Note
hat the single harmonic bandwidth, and thereby the energy reso-
ution, can further be improved by using even shorter wavelength
riving lasers for the HHG process.

Similar to the progress in high-resolution static photoemission
pectroscopy at synchrotrons [2], it is clear that such a dramatic
mprovement in energy resolution opens up real-time studies of

 much larger range of applications. In particular in the case of
orrelated-electron materials, higher-resolution photoemission is
equired to resolve typical characteristic features in the electronic
tructure. Examples include various electronic order parameters,
s for instance superconducting gaps, or quasiparticle kinks in the
lectronic dispersion relation.

Next, we note that typical integration times for spectra as
hown in Fig. 4, right side, are below 10 s, in comparison to
inutes in our previous works (Fig. 4, left). Clearly, the over-

ll XUV photon output is higher, which is due to a combination
f higher photon conversion efficiency at shorter wavelengths,
limination of monochromatizing optical elements, and less reab-
orption in the gas due to a lower phase-matching pressure. In
omparison to our previous work, where we had a photon flux of
1 × 109 photons/harmonic/second, we estimate the photon flux in

he current presented setup to be nearly two orders of magnitude
igher.
Finally, the question arises if the pulse length of the HHG is suf-
ciently short to not degrade our achievable time resolution. Here,
e want to point out that most of the time-resolved ARPES exper-

ments to date have used the fundamental laser pulse from the
mission intensity within the black rectangular area indicated in (b)) and black line
a signature of quenching of the charge-density-wave state in this system. The blue
rea indicated in (b)) and line (fit) correspond to the filling of the Ti 3d band. (For
ion of the article.)

amplifier for pumping the material system, which is 20 fs or even
longer (unless externally compressed). Consequently, the overall
time resolution of the system is limited to that of the pump pulse,
so the pulse length of the HHG needs only to be comparable or
smaller than the pulse length of the pump pulse to maintain good
time resolution.

Usually, the pulse length of the HHG can be measured using
the laser-assisted photoelectric effect (LAPE), which corresponds
to the cross-correlation of the infrared pump and the XUV probe
pulse [55]. Note that for harmonic energies of about 22 eV and
lower, the required pump intensities to generate LAPE sidebands
are very high [56], i.e. the LAPE signal can be extracted from our raw
data, but is hardly seen in the photoemission spectra presented
in Fig. 5a–d. This is because the LAPE signal decreases with the
kinetic energy of the photoemitted electrons [56]. The extracted
LAPE signal from the raw data is fitted and plotted in Fig. 5e (green
line) together with the pulse duration of the infrared pump pulse
(red line), measured independently with frequency-resolved opti-
cal gating (FROG). The corresponding full widths at half maximum
(FWHM) are 38 ± 8 fs for the cross-correlation and 32.0 ± 0.5 fs for
the infrared pulse length. From this, we  extract a pulse duration of
the HHG of 20 ± 16 fs.

In addition to the LAPE measurement, we  also verified our time
resolution by reproducing the photo-induced semiconductor-to-
metal transition in TiSe2, which we  characterized in an earlier
study [13]. Fig. 5 shows a series of time-resolved photoemission
spectra from TiSe2 after excitation with a fluence of 1.3 mJ/cm2.
The extracted exponential time constant for the transition is about

51 ± 15 fs (black dots and line), which is in agreement with our pre-
vious investigation [13]. Most importantly, however, is the time
constant for the filling of the Ti 3d band, which happens within
31 ± 3 fs (blue dots and line) and gives an upper limit for the time
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esolution of our XUV trARPES setup. From these measurements, we
herefore conclude that the time-resolution is still predominantly
imited by the pulse length of the pump pulse rather than the HHG
ulse.

. Summary

In summary, we have shown that shorter wavelength driven
HG is well suited for trARPES. In particular, we have shown that
90 nm driven high harmonic XUV trARPES is much superior to
sing 790 nm laser drivers, because it eliminates the need for any
pectral selection element, thereby increasing the photon flux and
nergy resolution (<150 meV  here), while preserving excellent time
esolution of about 30 fs. Using even shorter wavelength driving
asers will further increase the efficiency while decreasing the
andwidth of the individual harmonics [28,29]. Moreover, the cur-
ent scheme can readily be implemented in higher repetition-rate
aser systems with even longer pulse-lengths, and can be useful for
ther experimental XUV experiments, such as COLTRIMS, VMI, and
agneto-optical setups.
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