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ABSTRACT

Time-resolved and angle-resolved photoemission spectroscopy (trARPES) is a powerful method to detect the non-equilibrium electronic
structure in solid systems. In this study, we report a trARPES apparatus with tunable photon energy selectively among 12, 16.8, and 21.6 eV
at a repetition rate of 400 kHz. The energy and temporal resolutions of the three harmonics are determined as 104/111/157 meV and
276/190/154 fs, respectively. The photon flux on the sample is estimated to be 10'°~10"" photons/s by using a photodiode. Finally, the per-
formance of this setup is verified by both equilibrium and non-equilibrium ARPES measurements on topological materials Zr,Te;P and
Bi,Ses. Meanwhile, the importance of the tunability of the extreme ultraviolet (XUV) source is highlighted by comparing experimental results

measured with the three different photon energies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143485

I. INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES) has a
unique momentum-resolved ability to study the electronic struc-
tures in materials. It is widely used in the research of unconven-
tional superconductors,’ topological materials,”’ charge-density-
wave systems,l‘3 and other quantum materials.” In an ARPES
experiment, the electrons in the materials are first kicked out by
ultraviolet (UV) pulses and then collected by an electron analyzer.
The UV source employed in the ARPES experiment is considered
a perturbation to the system when the measured electronic spectra
are analyzed. In other words, the ARPES experiments contribute to
our understanding of the occupied states of equilibrium electronic
structures.” In the past decade, the great progress of ultrafast laser
and traditional ARPES technology, along with the rise of interest
in studying non-equilibrium electronic structures, has stimulated
the development of time-resolved ARPES (trARPES).” *’ This new
method is based on the combination of ARPES and ultrafast laser

technique. The light source used in the setup of trARPES involves
two ultrafast pulses. One is typical near-infrared radiation (NIR)
that acts as a pump pulse to drive the system into non-equilibrium
states. The second one is UV radiation that is used to probe elec-
tronic structures. These two ultrafast pulses are coherent in the
time domain, and their temporal delay At can be tuned by adjust-
ing the optical path difference. Therefore, the spectrum intensity
I(k,E) can be measured as a function of At, and a dataset contain-
ing information on system decay from non-equilibrium states can
be acquired.

The NIR-UV light source used in trARPES can be generated
based on nonlinear optical effect (NOE), such as the second-order
NOE in nonlinear optical crystals," ' or high-order harmonic gen-
eration (HHG) in noble gas."” "> The apparatus that uses the non-
linear optical crystal to generate probe pulse is more accessible
and can help achieve high energy and temporal resolutions because
the parameters of the optical crystal are tunable and the disper-
sion of UV or deep-UV pulse can be compensated at a reasonable
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cost.'* However, the photon energy of the probe pulse generated
by using this method is typically smaller than 7 eV, resulting in a
small measuring range of the Brillouin zone (BZ), usually <0.81 A™%,
which is insufficient in most of the cases. The technique of using
the tabletop laser with a photon energy of 11 eV may improve the
situation,”®”’ but this photon energy is still insufficient to mea-
sure electronic structures near the boundary of the BZ, such as the
cases of transition-metal dichalcogenides (TMD) or graphene. To
achieve a larger measuring range of BZ, researchers have developed
HHG-based apparatus and demonstrated the ability of HHG to gen-
erate coherent extreme ultraviolet (XUV) source (>20 eV) suitable
for trARPES."” * Such apparatus have extensive applications in the
research of materials containing crucial electronic structures at the
point of large momentum.”’ " Furthermore, the HHG spectrum
contains discrete harmonics with similar intensity, which in combi-
nation with a monochromator can be used to realize a tunable XUV
light source.” *** Such an in-lab tunable XUV source is preferable
in ARPES experiments. The cross-section of the photon-electron
scattering and the penetration depth of UV pulses into materials
are strongly dependent on the photon energy, and therefore, some
electronic states are accessible with photon energies in a certain
range.””"* This is where a tunable XUV source plays an important
role.

In this paper, we report an HHG-based apparatus of trARPES.
This setup can be operated with tunable probe photon energies
selectively among 12, 16.8, and 21.6 eV by using a grating to iso-
late different harmonics. The energy and temporal resolutions of
three harmonics were determined to be 104/111/157 meV and
276/190/154 fs, respectively. The photon flux was estimated to be
10'°-10"" photons/s by in situ measurements using a photodiode.

Delay stage

Chamber 4

Chamber 3
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Finally, we show the experimental results of topological materials
Zr;Te;P and Bi;Se; measured with this setup, demonstrating its
good performance in measuring the electronic structures and tracing
the dynamic process of non-equilibrium electronic states. We high-
light the advantages of our trARPES setup with a discretely tunable
XUV source. The three harmonics of photon energies of 12, 16.8,
and 21.6 eV were optimized to be of great beam quality for ARPES
measurements. Our setup provides a high photon energy of up to
21.6 eV to enable a large accessible measuring range of the BZ while
giving alternatives of 12 and 16.8 eV, which may facilitate probing
energy bands that are sensitive to certain photon energies.*”

Il. trARPES SETUP
A. Layout of XUV source based on HHG

As shown in Fig. 1, a Yb-doped fiber laser provides the funda-
mental beam (FB) with a wavelength of 1030 nm (hv =1.2eV) ata
repetition rate of 400 kHz and with output power up to 20 W. The
stability of the fiber laser system is evaluated by an 8 h long-time test
of average-power variation, and the measured value is less than 1%
rms. A beam splitter is used to divide the beam into two, and about
90% of the total power is used for the generation of an XUV source.
The efficiency of the HHG process is increased by compressing the
pulse duration of FB from 40 to 25 fs by using nonlinear spectral
broadening in fused silica plates and subsequent dispersion com-
pensation by chirp mirrors.””** Then, a beta barium borate (BBO)
crystal with a thickness of 0.4 mm is used to double the frequency
of FB, and the efficiency of the second-harmonic generation is about
30%. Subsequently, the w and 2w beams propagate through a dual
wave plate (1/2@1030, A@515 nm), which is used to adjust their

Chamber 2 Chamber 1

Dumper

Gas jet
' d=0.2mm
e
™1 A

Gas catcher

Grating

T™2

%@1030nm
A@515nm

= 4

BBO/0.4mm

Chirp mirrors

Yb-doped fiber laser
1030nm/40£s/400kHz/20W

FIG. 1. A schematic layout of the XUV source.
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polarizations, and then focus at the Krypton gas jet by a focusing lens
of f = 200 mm. The gas target is a nozzle with a pore of a diameter
of 200 ym, which is mounted close to a gas catcher connected to a
scroll dry pump. The nozzle and the catcher are both installed on
three-axis linear stages to achieve position adjustment. A reflecting
mirror with a small hole in the center reflects the remaining power
of w and 2w pulses, while the generated XUV propagates through the
hole and is then collimated by a toroidal mirror (TM1, f = 400 mm).
In the second chamber, a single diffraction grating whose groove
density is 150 gr/mm and blazing angle is 2.2° is used to isolate dif-
ferent harmonics, which are then focused by TM2 (f = 300 mm).
A narrow slit is mounted at the focus point of TM2 between the
second and third chambers, and this slit enables only one selected
harmonic to propagate through it. The harmonics with different
photon energies will go through the slit in sequence when the grat-
ing is sequentially rotated and then be employed in experiments. The
pump beam is introduced in the third chamber and is focused on the
sample using TM3 (f = 550 mm), which also plays a role in imaging
the slit plane to the position of samples at the ratio of 1:1.”*

B. Design of ARPES setup

The ARPES setup consists of four chambers: load-lock cham-
ber, pre-chamber, process chamber, and analyze chamber (Fig. 2).
The process chamber is equipped with an Ar-gun to sputter the
sample surface with high-energy Ar plasma and a heating stage to
anneal samples. The analyze chamber has two inlets for light sources.
One inlet is equipped with a helium-discharged lamp to measure the
overall band structures and align the orientation of samples. The
other inlet is designed for an HHG-based XUV source and a NIR
source used for pump pulses. The apparatus is equipped with a six-
axis manipulator and can be operated at the lowest temperature of
6 K with open cycling He-4.

The vacuum of the analyze chamber is better than 4 x 107"
Torr when the valve of the inlet of HHG-based XUV is closed. How-
ever, when the XUV is used in the experiments, all four chambers
of the HHG setup and the analyze chamber of ARPES are connected
without any valves closed. The connecting tubes are designed to be of

ARTICLE scitation.orgljournal/rsi

a relatively small diameter to keep a large pressure gradient between
different chambers. A turbo pump and an ion pump (pump speed
of 75 1/s for N,) are used in the last tube connected to the analyze
chamber. The vacuums of the four chambers of the HHG setup are
about 107°,107°, 107%, and 107" Torr. When the valve of the inlet is
opened, the vacuum of the analyze chamber becomes slightly worse
and is about 8 x 10" Torr.

C. Characterization of XUV source

A gold-coated flat mirror (FM) in chamber 2 (Fig. 1) is
mounted in a motorized linear stage placed in front of the slit. It will
reflect the focusing harmonics to the MCP detector when inserted
into the beam. The image on the detector shows a series of XUV
harmonics [Fig. 3(a)], of which the three harmonics exhibiting the
strongest intensity are used for ARPES experiments. We mount a
photodiode (PD) in a motorized linear stage before samples move
it in and out of the propagating path of XUV to measure the pho-
ton flux and optimize the efficiency of HHG. By carefully adjusting
the backing pressure of Kr at the gas jet, we find that the intensi-
ties of the three harmonics show different pressure dependencies
[Fig. 3(b)]. Finally, this setup achieves an operating performance
at a photon flux of about 10°-10" photons/s (Table I). The mag-
nitude of the photon flux is normal compared with other XUV
sources of trARPES based on fiber laser systems and it warrants an
acceptable efficiency of data acquisition. It is worth noting that the
photoelectron intensities of the same sample measured with differ-
ent harmonics are similar, even though the flux of the 18th harmonic
is more than twice that of the 14th harmonic. This is because the
analyzer of ARPES collects photoelectrons within a small energy
window near the Fermi level, while the photoelectrons distribute
in the whole energy range below Fermi energy. Therefore, the col-
lected photoelectrons will make up a larger part of the whole when
the photon energy is smaller.

We evaluated the spectral characteristics of XUV by analyzing
the experimental results of ARPES (Fig. 4). For this, the momentum-
integrated energy distribution curves (EDC) of polycrystalline gold
at 10 K are fitted by the convolution of the Fermi-Dirac distribution

Analyze
Chamber XUV(HHG)

Chamber

FIG. 2. A schematic layout of ARPES.
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TABLE I. The parameters of the three harmonics. insulator BiSes;. A product of a step function and an exponen-

tial decay function, convolved with a Gaussian envelope, is used

Order hv (eV) AE (meV) At (fs) Flux (photons/s) to describe the dynamic evolution of the intensity'*[Fig. 4(c)]. We
10th 12.0 104 276 4.8 % 10%° obtain the results of 276/190/154 fs for the photon energies of
14th 16.8 111 190 72 % 101 12/16.8/21.6 eV. The pulse durations of the w and 2w pulses are
18th 216 157 154 11 x 10" 25 and 30 fs, respectively. However, the monochromator cannot pre-

serve the pulse duration as short as in the generation process. The
grating is mounted in the geometry of classical-diffraction mount
(CDM), a relatively simple geometry widely used in the monochro-
mator of XUV. The main drawback of CDM is that it introduces a

and a Gaussian function [Fig. 4(a)] to acquire energy resolutions for

the three isolated harmonics, i.e., 104/111/157 meV for the photon
energies of 12/16.8/21.6 eV. The temporal resolutions are extracted
from the temporal distribution curves (TDC) of the topological

stretch of pulse duration by the pulse-front tilt, resulting in worse
temporal resolutions, as observed in our setup.””*' It is also note-
worthy that the data of temporal resolutions of the three harmonics

£1:0Z:€0 €202 AInr 81
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FIG. 4. Characterization of XUV source. (a) EDC (red dotted line) from the data of polycrystalline gold measured with the photon energy of 12 eV. The black solid line is the
convolution of a Fermi-Dirac function and a Gaussian function (red solid lines). (b) Integrated EDCs of Bi,Ses as a function of delay time measured with the photon energy
of 21.6 eV. (c) TDC (red dotted line) by integrating the intensity of an energy window shown by the white dotted box in (b) and the fitting results.
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were acquired by long-time experiments lasting more than 12 h.
Furthermore, the dynamic measurement of Bi;Ses described in
Sec. III C (Fig. 8) took more than 5 h. The data quality shows
the stability of the XUV source, which warrants its capability in
time-resolved experiments.

Ill. EXPERIMENTAL RESULTS MEASURED
WITH HHG-BASED XUV

A. Fermi surface mapping of Zr,Te,P

Zr;Te;P is a topological material in the tetradymite structure
family.”” Since the stacking Te-Zr-P-Zr-Te layers are bonded by
weak Van der Waals forces, the samples can be easily cleaved along
the (001) plane. As shown in Fig. 5, the measured Fermi surfaces

(2)

0.4

04 02 00 02 04 04  -02
ke /A

ARTICLE scitation.orgljournal/rsi

(FSs) on the (001) plane consist of six electron-like pockets at M
points and a hole-like pocket at I point, showing a sixfold symmetry.
These clear features of the FSs demonstrate that the beam qualities
of the three harmonics are sufficiently good for ARPES experiments.
Meanwhile, the FS mapping results show a larger measuring range
of BZ for the higher photon energy under the same experimen-
tal configuration, which is more than 50% of expansion when the
result of 21.6 eV [Fig. 5(¢)] is compared to that of 12 eV [Fig. 5(a)].
The maximum of the in-plane component of the momentum can
be theoretically determined as k| = \/2mEx,/h, where Ey, is the
kinetic energy of photoelectrons. When the probe photon energy
is 21.6 eV, the theoretical maximum value of k\l at E = Eg is about
2.1 A7!, which is enough to measure the electronic structures on the
boundary of the BZ for almost all the materials.

(©)

0.4
0.2
0.0
0.2

0.4

0.0, 02 04 04 -02 00, 02 04
k, /A k, /A

FIG. 5. (a)—(c) The ARPES intensity plot at E — E of topological metal Zr, Te,P measured with a photon energy of 12/16.8/21.6 eV. The intensity is acquired by integrating

over an energy window of 20 meV.
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FIG. 6. (a)—(c) The band structures of Bi,Se3 near I point measured with a photon energy of 12/16.8/21.6 eV.
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B. Band structure of Bi,Sez

BizSe; is a well-known topological insulator®’ and is used to
highlight the importance of photon energy tunability. The features
of bulk valence bands (BVB), bulk conducting bands (BCB), and
topological surface states (TSS) show a significant dependence on
photon energies. The M-shape feature of the BVB is clearly detected
by using the photon energy of 12 eV [Fig. 6(a)], but is gradually
mixed with the down branch of TSS when hv = 16.8 eV [Fig. 6(b)],
and, finally, is completely invisible when hv = 21.6 eV [Fig. 6(¢)].
On the contrary, the BCB signature is absent in the spectrum mea-
sured with a photon energy of 12 eV, whereas it is clearly visible
in the results of the other two harmonics. Finally, the up branch of
TSS can be seen in all three spectra, but the one of hv = 16.8 eV
has an advantage of a higher signal-to-noise ratio and shaper peak
feature. These differences are due to the photon energy depen-
dence of electron-photon scattering cross-section, or the distinct
out-of-plane momentum k;. We emphasize the importance of pho-
ton energy tunability, especially the alternative of relatively lower
photon energies of 12 and 16.8 eV. These two harmonics are prefer-
able in some cases, such as for researchers who care more about the
feature of the TSS, which are generally believed to be more sensitive
to lower photon energies.

C. trARPES results of Bi,Sez

We choose the harmonic of hv = 16.8 eV for the time-resolved
experiment of Bi,Ses. Figure 7(b) shows the experimental results of
Bi,Ses at four different delay times of t = —5/0.2/1/5 ps. The inten-
sity above E is scaled exponentially as a function of E — Er while the
one below Er is kept unchanged in order to ensure the visibility of
all the characteristics of the band structure in the same image. The

(a)

—
=
=

Binding Energy /eV

02 -0.1 00 0.1 1 1
kAT kIA kIR

02-02 -0.1 0.0 0.1

02-02 -0.1 0.0 0.1
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dynamic process of the non-equilibrium electrons of Bi,Se; is illus-
trated by using a simplified schematic shown in Fig. 7(a) and is also
demonstrated by the non-equilibrium band structures measured by
trARPES [Fig. 7(b)]. As observed, the electrons are first excited to
high energy states in a short time, then gradually decay to the low
energy states of the BCB and of the TSS, and finally drop back to the
states of the BVB. The inter-band scattering between the BVB and
BCB is mediated by the TSS. Therefore, the small density of the TSS
will limit the decay process and result in a relatively long lifetime of
the non-equilibrium electrons in Bi,Ses."*

We analyzed the temporal distribution of the integrated inten-
sity of four different energy windows [Fig. 8(a): E — Er = 50-100;
100-150; 150-200; 200-250 meV] in detail. The TDCs are fitted by
a Gaussian function convolved with the product of the step function
and the single-exponential function,

I(t) :A(l + erf(%))e_% +B, (1)

where At is the width of the Gaussian envelope, and 7 is the decay
parameter of the single-exponential function.'* The above formula
ignores the filling process from higher energy states to lower energy
states and is, thus, suitable only for the TDCs of states far above
Er. However, this expression is sufficient to depict the dynamic
evolution of the four TDCs smoothly. We normalized the smooth-
fitting curves and draw them together in Fig. 8(b). Our results
showed that the transient intensity of higher energy states needs a
shorter time to reach the maximum and to decay to the equilib-
rium status, as expected. Finally, we fit the TDCs after 2 ps with the
single-exponential decay function to extract the lifetime of excited
electrons. These electrons have a longer lifetime at lower binding
energy, as long as several picoseconds [Fig. 8(c)], in agreement with
the results of previous studies.”

FIG. 7. (a) Schematic of the transitions
and scattering processes in trARPES
experiments of Bi,Sez.** To simplify the
schematic, only the direct optical tran-
sition from the BVB is considered. (b)
Non-equilibrium states of Bi;Se; mea-
sured att = —5/0.2/1/5 ps at 30 K, using
the photon energy of 16.8 eV.
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FIG. 8. (a) Transient photoemission intensities at the energy windows of (50-100)/(100-150)/(150-200)/(200-250) meV (solid dots) and the four fitting curves (solid lines).
The intensity is acquired by integrating the whole angle range and a 50 meV energy window. The lines are shifted for exhibition. (b) The normalized fitting curves from (a).
(c) The lifetimes extracted by fitting the decay data with an exponential decay function. (d) The peak positions of curves in (b).

IV. CONCLUSION

In summary, we report an HHG-based trARPES setup with a
tunable XUV source, which can be operated at the photon ener-
gies of 12, 16.8, and 21.6 eV. The energy and temporal resolutions
are 104/111/157 meV and 276/190/154 fs, respectively, for the three
harmonics. The resolutions may be improved to sub-100 meV and
sub-100 fs in the future if we redesign the monochromator to
compress the pulse duration stretch of XUV introduced by pulse-
front tilt. The measured photon flux is about 10'°~10"" photons/s,
which may be improved in future work by driving the HHG with
a two-color field. Finally, the capability of this setup is verified by
experiments of topological materials Zr,Te,P and Bi,Ses, and it
is demonstrated to be an effective method to study the electronic
structures in both static and dynamic experiments. We stress the
advantage of discrete tunability from a low photon energy of 12 eV
to the highest one of 21.6 eV. Such a tunability of photon energies
is preferred in the ARPES experiment and its importance has been
partially revealed by comparing experimental results of Zr, Te, P and
Bi;Se; measured with the three different photon energies.
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