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Laser-based angle-resolved
photoemission spectroscopy

with micrometer spatial resolution
and detection of three-dimensional
spin vector
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We have developed a state-of-the-art apparatus for laser-based spin- and angle-resolved
photoemission spectroscopy with micrometer spatial resolution (ui-SARPES). This equipment is
realized by the combination of a high-resolution photoelectron spectrometer, a 6 eV laser with

high photon flux that is focused down to a few micrometers, a high-precision sample stage control
system, and a double very-low-energy-electron-diffraction spin detector. The setup achieves an
energy resolution of 1.5 (5.5) meV without (with) the spin detection mode, compatible with a spatial
resolution better than 10 pm. This enables us to probe both spatially-resolved electronic structures
and vector information of spin polarization in three dimensions. The performance of p-SARPES
apparatus is demonstrated by presenting ARPES and SARPES results from topological insulators and
Au photolithography patterns on a Si (001) substrate.

Understanding the electron behaviors in solids has become increasingly important because it is closely connected
not only to fascinating quantum properties of condensed matters but also to their numerous functionalities
relevant to device applications'. The fundamental properties of the electrons are predominantly described by
distinct quantum parameters including energy, momentum, and spin. In this context, angle-resolved photoemis-
sion spectroscopy (ARPES)>* is widely known as one of the leading experimental techniques in the research
field*”, since it can directly probe energy- and momentum-resolved electronic structures and Fermi surfaces.

In the past decades, technological developments of ARPES have been achieved through effective combinations
of characteristic light sources and state-of-the-art electron spectrometers. As a remarkable example, ultrahigh
energy-resolution in the meV range has been successfully attained in ARPES through the utilization of ultra-
violet lasers®!, showcasing its effectiveness in elucidating the low-energy excitation structures of electrons'*-'?
and many-body interactions'*-'. Recently, improvements in the spatial resolution of the ARPES technique
have received a lot of attention'¢~'8, In this technique, the excitation photon beam is focused onto the sample
in a very small spot, either in a few-micron or sub-micron scale, often referred to as u-ARPES or nano-ARPES.
The capability of these techniques has successfully revealed local electronic structures, such as phase-separated
electronic structures in strongly correlated materials'*-?!, two-dimensional flakes?, and edge states of topologi-
cal materials*>*,
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Figure 1. (a) Schematic design of laser p-SARPES with double VLEED spin detectors probe spin components
(Py, Py, and P,)**¥. (b) Overview of the scaled layout of our laser u-SARPES apparatus.

All of the aforementioned ARPES techniques are widely used. However, they are still unable to probe spin
degree of freedom, despite its significant role in many quantum properties of materials, such as magnetism?,
superconductivity?>?’, Rashba spin-orbit coupling®®?, band topology***!, and spin-valley coupling®. The integra-
tion of spin detectors into ARPES photoelectron spectrometers has added spin-resolution capabilities to ARPES
(SARPES)**, allowing to access spin information of energy/momentum-resolved band structures. Moreover,
comprehensive information about spin polarization in three-dimensions can be obtained by employing multiple
spin detectors®>, which is indispensable for accurately determining the quantization axis and spin textures in
quantum materials. Although spin detection is highly time-consuming due to the relatively low efficiency of
existing spin polarimeters™, either light sources with high photon flux, such as 3rd generation synchrotrons®**
and lasers**!, or multichannel spin detector’>** can compensate for this low efficiency. Recently, SARPES has
been achieved with a sub-micrometer spatial resolution using a laser light source*’. However, realizing SARPES
simultaneously with high-resolution, spatial-resolution, and spin-vector-resolution is still challenging.

In this paper, we describe a setup of SARPES apparatus with a combination of multiple functions. We over-
come the low efficiency of spin detection measurements by utilizing very-low-energy-electron-diffraction
(VLEED) spin detectors* and a 6 eV laser*#*. In addition, this apparatus is equipped with double VLEED spin
detectors, which permits a vector analysis of photoelectron spin-polarizations in three dimensions®. Thanks to
the inherent characteristics of the laser light source, such as its high coherence and monochromaticity, we achieve
a high energy resolution of 1.5 meV (5.5 meV) without (with) the spin detection mode, while maintaining a good
spatial resolution better than 10 um. Present u-SARPES is able to give us a great capability for quickly mapping
out not only spatially-resolved electronic band structures but also their spin textures.

Laser p-SARPES system

Figure 1la illustrates a schematic design of key parts of our u-SARPES apparatus. An ultraviolet laser (hv=5.9-
6.49 eV) generated via the 4th harmonics of picosecond infrared pulses from Ti-sapphire lasers is used for pho-
toelectron excitations. The laser beam is focused onto the sample surface at the micrometer level using a quartz
lens assembly’. The high photon flux of the laser®*! can compensate for the low efficiency of spin detections®
and thus shortens the acquisition time. In addition, the 6 eV laser can penetrate through the atmosphere, and
therefore it is much easier to handle optical parameters and optimize setup compared to other light sources (ex.
7 eV laser® and 11 eV laser**~*°) and ultraviolet synchrotron radiation. Let us, however, note that the advantage
of 6 eV, surpassing other light sources, comes with constraint of a limited range of accessible k-values.

The excited photoelectrons are collected by a hemispherical electron analyzer with a multi-channel plate
(MCP) to image electronic band structures. The photoelectrons passing through a size variable aperture above the
MCP are transferred to two different VLEED spin-detectors (VLEED-1 and 2), and the reflected photoelectrons
by Fe(001)p(1x1)-O targets®*>! are detected by channeltrons. The target in VLEED-1(2) can be magnetized by
electric coils along x and z (y and z) directions corresponding to the detection axes of the spin polarization P, and
P, (Py and P;), and the both detectors are capable of detecting spin polarization along z direction. Thus, thanks
to double VLEED detectors®, one can fully determine a spin vector of the photoelectrons in three dimensions,
which is very important for understanding the intrinsic properties of quantum materials.

Figure 1b presents an overview of our SARPES apparatus, consisting of three ultrahigh vacuum (UHV)
chambers: main, target preparation, and molecular beam epitaxy (MBE) chambers. In the main chamber, the
hemispherical electron analyzer, ScientaOmicron DA30L is equipped with double VLEED spin detectors. The
analyzer has an electron deflector function and collects the photoelectrons in a range of emission angles (6x., 6))
without a sample rotation®?, which brings significant advantages in spatial resolution measurements. Here, 6,
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Figure 2. Characterization of the spatial resolution. (a) The optical microscope image of the Au pattern on

the Si(001) substrate. (b) The image of the scanning photoelectron intensity map (SPEM) taken in the Au
pattern. (c) and (d) Photoelectron intensity profiles at the edges of the Au pattern along the x (horizontal) and y
(vertical) axes, respectively (green and blue lines in the insets panels). (e) Plots of the intensity deviation AI(x)
and AI(y) as a function of time to evaluate possible long-term drifts of the laser and the sample stage. The data
was recorded at the intensity edge at x. and y. denoted by arrows in (c) and (d). The 1 um of the drift along x (y)
axis can correspond to 19 % (10 %) of AI(x) [AI(y)] guided by dashed lines in Fig. 2e (see also main text for the
details of the estimation).

and 6y are defined as an emission angle along the horizontal and vertical axes of an analyzer slit, respectively. To
achieve a high spatial-resolution in u-SARPES, we adopted a high-precision sample manipulator, which con-
sists of a high-precision XYZ translator stage (iXYZ, the ExPP Co. Ltd.), a high-precision rotary stage (iRS152,
Vacuum and Optical Instruments Co. Ltd.)*® and a goniometer with a liquid He cryostat (i-GONIO LT, R-Dec
Co. Ltd.)**. These motor motions are controlled by a software coded using LabVIEW (National Instruments).
The accuracy of the XYZ stage and polar rotation is approximately 100 nm and 0.4x10~> degrees, respectively®.
Absolute encoders (RESOLUTE, Renishaw) are incorporated on the XYZ axes to ensure nanometer-level stage
reproducibility.

The details of our laser source and frequency conversion optics to generate 6 eV laser are described elsewhere’.
The laser oscillator and higher-harmonic optics in a temperature- and humidity-controlled laser booth. The
assembly of the microfocus lens for the 6 eV laser is placed outside the UHV main chamber, 300 mm far from
the sample. The beam passes through a quartz vacuum window (the diameter of 36 mm), and the numerical
aperture of the beam can be adjusted and optimized to achieve micrometer-level focus at the sample surface.
The photon energy of the ultraviolet lasers is tunable in a range of hv=5.9 — 6.49 eV.

In the target chamber, a high-quality Fe(001) p(1 x1)-O film is grown on a MgO(001) substrate, and its quality
can be assessed using low-energy electron diffraction (LEED). The prepared target is then transferred in situ into
VLEED detector of the main chamber. The cleanliness of the target surface can be maintained for approximately
two weeks, but it can be restored by annealing up to 600°C in the target chamber.

In the MBE chamber, we have installed evaporators, an annealing stage, an ion sputtering gun, LEED, and an
auger electron spectroscopy (AES) system. These systems enable us to prepare atomically controlled thin films
in situ, and confirm the surface order and cleanliness.

Specifications

Spatial resolution

To demonstrate the spatially resolved measurement, we used an Au pattern fabricated by photolithography on a
Si(001) substrate [Fig. 2a] in which the width of letters is designed to be 25 um. The Au pattern was installed in
the UHV chamber and annealed at 200 °C for several hours to obtain the clean surface before the measurements.
We fixed the photon energy of the ultraviolet laser at 6.39 eV (194 nm).

Figure 2b presents a scanning photoemission microscope (SPEM) image’ of the Au pattern. The SPEM image
was obtained by scanning the sample stage with 10 pm and 5 um step along x and y axes, respectively, and the
total pixel number is 27225 points. The pixel intensity corresponds to the integrated intensity for the emission
angle of (—15°, 15°) and the energy E — Er of (-0.3 eV, 0 V). It is immediately found that the intensity pattern
seen in the SPEM image [Fig. 2b] is very similar to that in the optical microscope image [Fig. 2a]. This dataset
already demonstrates the good spatial resolution of our u-SARPES apparatus.
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Figure 3. Characterization of the energy resolutions. (a) ARPES spectrum obtained from an evaporated
polycrystalline Au film. (b) The spectrum obtained by the channeltron of VLEED spin-detector. Each
experimental setting for these measurements is noted in the panels.

To further evaluate the spatial resolution quantitatively, we take intensity profiles across the edge of the Au
pattern along x and y axes with a step size of 1 um [Fig. 2c and d, respectively]. By fitting a step function convo-
luted with a Gaussian function, we estimated the spot size at the sample surface in full width of half maximum
(FWHM) to be 9.0 um and 5.4 um along the x and y axes, respectively. The spot size along the x axis is 1.7 times
larger than that along the y axis. This is due to the incident angle ¢ of the laser on the sample (¢=50° in our setup).
Taking into account the effect of the incident angle, the ratio of the spot sizes along the x and y axes should be
approximately 1/cos¢ (~1.6), which is almost consistent with our results.

Besides the spot size, it is very important to consider the long-term drift of the laser and sample stage. To
investigate this stability, we monitored the photoelectron intensity at the edge of the Au pattern [x, y. arrows
in Fig. 2c and d] as a function of time. In Fig.2e, we plot the time evolution of the intensity deviation, defined as
AI(t) = [I(t) — I(t = 0)]/I(t = 0). The drifts along the x and y axes can be estimated by the intensity deviation
through [dI (x)/dx]x=x, and [dI(y)/dy])=,. [Fig.2c and d]. Hence, 19 % (10 %) of AI(x) [AI(y)] is considered to
correspond to 1pm of drift from the edge [dashed lines in Fig. 2e]. The results guarantee that the drift of the laser
and sample stage is suppressed to the sub-micron level, and is much smaller than the spot size of the 6 eV laser,
at least for several hours of measurement. The contribution of laser and stage drifts during the measurement is
almost negligible, so the spatial resolution of our u-SARPES apparatus is mainly determined by the laser spot size.

Energy resolution

We measured polycrystalline Au films deposited on an oxygen-free copper plate to evaluate the energy resolu-
tion compatible with the spatial resolution. Angle-integrated energy distribution curves (EDC) for ARPES are
presented in Fig. 3a, taken at a temperature (T) of 9 K with a pass energy (E) of 2 eV and an entrance slit width
(w) of 0.3 mm. The EDC was fitted with a Fermi-Dirac function convoluted by a Gaussian function (black
lines) in Fig. 3a. The total energy resolution (AE) is determined to be 1.5 meV, including contributions from
the bandwidth of the laser and the electron analyzer setup. This value is consistent with an estimation based on
AE = Eyw/2R = 1.5meV (R is the radius of the analyzer with R = 200 mm).

In SARPES mode, the photoelectron count rate for spin detection is typically 10~# times less than that for
ARPES. To compensate for this low efficiency, we increased the analyzer slit up to 0.5 mm and selected an aper-
ture size of 2x1 mm? for the spin detection. Under this setup, the energy resolution for SARPES was evaluated
to be 5.5 meV [Fig. 3b]. For practical measurements, a suitable energy (angular/moorg?ntum) resglgi[ion can be
chosen in the range of 5.5 meV to 30 meV (0.75° to 1.5° corresponding to 0.009 A" "to 0.017 A~ at normal
emission for our 6 eV laser) by properly selecting the aperture size.

Performance
Bi;Tes: spin-map and spin-vector detection
The advantage of using the bright laser for SARPES is that one can quickly map not only electronic band disper-
sion but also spin polarization. Here, we demonstrate it through the measurements on a Bi,Tes single crystal
that is known to host a Dirac-cone-like surface state on the (111) surface®*. The clean surface was obtained by
cleaving at the UHV environment at room temperature, and SARPES measurements were performed at T=30 K.
We use a Sherman function of 0.30 for the both VLLED-1 and VLEED-2 detectors to obtain spin polarizations.
Figure 4a and b show the high-resolution ARPES band map and the spin-polarization map taken by SARPES,
respectively. In the spin-polarization map [Fig. 4b], the dataset was obtained by sequentially acquiring single
spin-resolved EDCs and scanning the emission angle using the deflector function of the electron analyzer (6y)
without a sample rotation. The spin-polarized surface state is observed with their expected spin characters
quantized along y. For this SARPES measurement, the energy/angular resolution of SARPES was set to be
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Figure 4. Spin-polarization map of Bi,Tes. (a) ARPES band map acquired at T=30 K. (b) Spin-polarization
map with P, component, expressed with the two-dimensional color code®. (¢) Fermi surface mapping obtained
by ARPES. (d) The plot of the 3D spin vector determined by our SARPES results. (e) Spin-polarization maps for
Py, Py, and P, cut along the angle line denoted by the dashed line in (c). The spin polarizations were obtained
with the effective Sherman function of 0.30.

20 meV/0.75°. Each EDC is obtained in 100 seconds, including both magnetization directions of the magnetic
target of VLEED spin detector®, and the spin polarization map is composed of 31 individual spin-resolved
spectra collected by scanning 0, with a step of1°, taken sequentially over a total acquisition time of 50 minutes.
Thus, one can perform the quick spin-polarization map owing to the combination of the 6 eV laser and VLEED
spin detector in u-SARPES measurements.

Next, we show the detection of the spin-polarization vector (P) in three dimensions [P is defined as (Px, Py,
P,)]. The surface state of Bi;Te3 is known to form a characteristic spin texture in momentum-space where not
only the in-plane spin component (Py, P,) but also the out-of-spin-component (P,) appears. To access the char-
acteristic spin texture, we collected spin-polarization maps along all three axes in Fig. 4(e) by scanning electron
deflector angles along 6, with a step of 1° [the dashed line in Fig.4c]. From these results, the spin vector P can
be illustrated by arrows in Fig. 4d at representative emission angles [yellow circles in Fig. 4e]. It is immediately
found that our results well capture that the out-of-plane spin component (P,) is reversed for £6, while the in-
plane components (Py, Py) are insensitive to 6. The observed texture of P is consistent with the characteristic
feature of the Bi, Tes surface state’”>®,

PbBi,Te,Ss: spatially selective measurement

We perform spatial-resolved measurements on another topological insulator PbBisTe4S3. In contrast to Bi Tes
that has a Dirac-cone-like surface state as prototype topological insulator, PbBisTe4S3 has the two surface-states
originating from two different terminations®. Therefore, this material is suitable for demonstrating the measure-
ment with good spatial resolution. The clean surface was obtained by cleaving at the UHV environment at room
temperature, and the measurements are performed at 7=30 K.

Figure 5b displays a SPEM image of the PbBisTesS;3 cleaved surface where the color scale indicates the angle-
integrated photoelectron intensity collected by the hemispherical analyzer. The photoelectron intensity in the
SPEM image is uneven on a scale of 100 um, and the noticeable features are more complicated compared to those
in the optical microscope image shown in Fig. 5a. This result likely indicates that the surface morphology alone
cannot account for the variation in photoelectron intensity.

Our measurements with a good spatial resolution allow us to selectively detect the two types of surface states
from the distinct surface terminations®® (termination A and B). Accordingly, we obtained ARPES images from
the two surface terminations [Fig. 5¢]. The Dirac-cone-like band dispersion is observed in both terminations, but
the crossing point, namely Dirac point (DP), is located at different energy; E — Er ~ —0.65¢eV in termination A
while E — Eg ~ —0.50 eV in termination B [see arrows in Fig. 5c]. Furthermore, the spin polarization of these
two distinct surface states for each surface termination can be mapped into the image presented in Fig. 5c. These
measurements illustrate the compatibility of micrometer-scale spatial resolution and spin resolution, thereby
showcasing the realization of p-SARPES.

Additional band dispersions are also observed in both terminations within the energy range of E — Ez=0 eV
to —0.2 eV. The most striking difference is a strong ARPES intensity observed just below Er in termination B. The
ARPES intensity mapped for the two surface terminations results in a microscope image as shown in Fig. 5d.
This image was obtained by scanning the sample stage with 10 pum and 5 um step along x and y axes, while the
intensity is integrated in an energy-momentum window shown in Fig. 5¢c. The different surface terminations
are distributed on a scale of approximately several tens of micrometers, and furthermore, their boundary can be
clearly observed thanks to the good spatial resolution of our laser u-SARPES apparatus.

Let us note that the spatial map obtained from the angle-resolved intensity [Fig. 5d] represents different
information compared to the SPEM obtained from the angle-integrated intensity [Fig. 5b]. The SPEM image
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Figure 5. Spatially-resolved measurements on PbBisTe4S3. (a) Optical microscope image of a cleaved surface
of PbBiyTesS3. (b) SPEM image taken with a 50 pm step. (c) Spatially-resolved (S)ARPES images acquired at
different surface terminations®. (d) Scanning ARPES intensity map measured at the 100x100 pm? marked by
the red square in (b). The map is taken by scanning 2 pm and 10 pum steps along x and y axes, respectively.

similar to an optical microscope reflects the shape of the cleaved surface, such as its flatness and defects. On the
other hand, the angle-resolved map reflects the differences in electronic band structures observed through angle-
resolved measurements, as presented in Fig. 5d. Therefore, the spatial map obtained from the angle-resolved
intensity not only reveals the surface termination dependence of electronic states, as demonstrated in PbBisTe4
S3 measurement in Fig. 5, but also proves powerfulness for a wide range of materials, including systems with
phase-separated electronic structures.

Summary

We have introduced a setup for u-SARPES with the 6 eV laser and double VLEED spin detectors capable of
spin-polarization mapping and spatial-resolved measurements. Thanks to the high-photon flux laser, the setup
achieves an energy resolution of 1.5 (5.5) meV without (with) the spin detection mode, compatible with a spatial
resolution better than 10 pm. The capability of u-SARPES provides a significant advantage in investigating the
spatially-resolved spin properties of various quantum materials.

In addition to these advantages of the apparatus, the electron deflection function allows for Fermi surface
mapping and spin-polarization mapping without a sample rotation. This capability provides significant benefits
for conducting spatially-resolved measurements, and this advantage extends to measurements on small samples
or samples with poor cleavability.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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