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Topological insulators have spin-polarized conduction states on their surfaces (= topological surface
states), where the spin direction of electrons is locked by their momentum resulting the helical spin-texture.
The unique helical spin-texture is considered to prohibit complete backscattering by non-magnetic impurities.
Thus, the surface of topological insulators is expected to be promising platform for spintronics devices.
However, other backscattering passes except for the complete backscattering are not prohibited [Fig.1(a)].
One solution to suppress the backscattering is forming an anisotropic Fermi surface, ideally a one-
dimensional Fermi surface[Figs. 1(b) and 1(c)].

In previous research, it has been reported that Ag films on Si(111)-(4X1)-In, which has an array of In
chains, exhibit a quasi-one-dimensional band structure [1]. This result is attributed to the confinement of
electrons in the quasi-one-dimensional Ag films caused by the step and terrace structure, and a similar effect
can be expected even on vicinal surface. The vicinal silicon surface has atomically regular step arrays and
electron motion in the film grown on the surface might be restricted only one direction parallel to the step.
From this analogy, we considered that it might be possible to obtain the anisotropic spin-polarized band
structure by growing BixTes films on silicon vicinal surface. However, there is no report of the fabrication
of Bi,Tes film on silicon vicinal surface so far. Therefore, the purposes of this research are to fabricate Bi>Tes
film on silicon vicinal surface, measure the band structure, and evaluate the band anisotropy.

In our study, we grew BiyTe; ultrathin films on Si(111) and Si(557) by molecular beam epitaxy, which
were used as flat and vicinal surface substrate, respectively. Si(557) is a surface tilted by 9.5° from Si(111),
and its terraces have the same plane as Si(111). We checked the quality of surface structure by low energy
electron diffraction (LEED) and auger electron spectroscopy (AES). Figure 2 shows LEED patterns and the
spectra of AES of Bi,Tes film on each substrate. As in Fig. 2, we can see clear spots in LEED and peak of
Bi and Te in AES indicating that we could succeed to grow Bi>Te; film on vicinal silicon surface.

To observe the band structure of the fabricated films, angle-resolved photoemission spectroscopy
(ARPES) measurements were done at BL-7 in HiSOR. Figure 3(a) shows the wide energy range ARPES
images on Si(111) (top) and Si(557) (bottom). Clear bulk bands are observed on Si(111). On Si(557) substrate
faint but similar bands that are shifted by 9.5° from the results of Si(111) are observed. Figure 3(b) shows
the magnified band structure near the Fermi energy of each sample. A clear V-shaped topological surface
state is visualized on Si(111). The observed feature is very similar to the previously reported band structure
of BixTes/Si(111) films with one quintuple layer (QL) thickness [2]. Thus, the thickness of our film is
estimated to be ~1 QL. On Si(557) substrate, similar V-shaped surface state crossing the Fermi energy can
be seen, but it was hard to estimate the Fermi momenta (k) of surface bands due to the weak intensity.
Although we attempted to evaluate the anisotropy of the surface bands by Fermi surface in Fig. 3(c),
unfortunately, it was also difficult.

In conclusion, we succeeded to grow BixTes film on silicon vicinal surface and to measure the band
structure. However it was difficult to evaluate the band isotropy because of the poor intensity of topological
surface states on Bi,Tes/Si(557). Further experiment with the better sample quality is expected in the future.
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FIGURE 1. Schematic illustrations of isotropic (a), anisotropic (b), and ideally anisotropic (one-dimensional) Fermi
surfaces (c) of topological insulator.
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FIGURE 2. (a) AES spectrum of Bi2Tes/Si(111) (b)LEED pattern of Bi>Tes/Si(11 1) taken at 55 eV. (c) AES spectrum of

Bi2Tes/Si(557) (d) LEED pattern of Bi2Tes/Si(557) taken at 39 eV.
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FIGURE 3. (a) Wide range ARPES images of Bi>Tes/Si(111) and Bi2Tes/Si(557) acquired at 4v = 35 and 70 eV. (b)
Magnified ARPES images around the Fermi energy of (a). (c) Fermi surface of Bi>Tes/Si(111) and Bi>Tes/Si(557)
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Graphene is a two-dimensional (2D) graphite with a single layer of carbon atoms arranged in a hexagonal
structure. Since the first isolation of graphene from bulk graphite in 2004 [1], graphene has attracted
significant interest from scientists because of its special n-n* bandstructure. The conduction and valence
bands of graphene symmetrically meet at the charge neutrality point called the Dirac point. The energy of
the charge carriers (electrons or holes) is minimal, resulting in unique electronic properties [2], massless
Dirac fermions and unusual quantum behavior [3]. These highly mobile electrons between 7 and n* orbitals
help to enhance the carbon-to-carbon bonds in graphene and drive the electronic properties of graphene, such
as carrier concentrations of up to 10'* cm™ and charge carrier mobility of 4 ~ 10,000 cm? V=1 s~ [1]. At
room temperature, this mobility can reach up to 2 x 10° cm?V-!s’! [4].

Due to its unique electronic properties, graphene has been considered a possible candidate for future
applications, including advancing spin-field effect transistors, spin-based memory devices, oscillators, and
logic components. One of the essential steps in utilizing graphene’s extraordinary properties is understanding
the electronic properties of graphene on the ferromagnetic metal substrate. We focus on studying the
electronic structure of graphene on Ni(111) because of the closest matched interface with respect to graphene
of Ni(111). An epitaxial-grown monolayer graphene on Ni(111) formed a large gap between the Dirac point
and the Fermi level due to the hybridization of the metal d-electrons with the n-orbitals of graphene, making
it difficult to control and use the graphene’s electrons in devices [5].

In this study, we investigate the electronic structure of chemical vapor deposition (CVD) gown graphene
on Ni (111) film prepared on a sapphire (SAP) substrate using angle-resolved photoemission spectroscopy
(ARPES). In order to determine the Dirac point and the Fermi level, measurement was conducted near the
K point of the  band along the T'K direction.

The ARPES experiments were performed at beamline BL7 at the Research Institute for Synchrotron
Radiation Science, Hiroshima University. Photon energies of 40-70 eV were used in the experiments. The
sample was cooled to approximately 40 K during the measurements.

FIGURE 1 characterizes the observed m band near the Dirac point in graphene on Ni(111) along the

T'K direction and the energy distribution curves (EDCs) with the photon energy of 40 eV (FIGURE 1 (a))

and 55 eV (FIGURE 1 (b)). The ARPES results demonstrate that the Dirac point is near the Fermi level,

resembling the electronic band of pristine graphene. This implies that the charge transfer from the Ni
substrate to the graphene is significantly limited.

The 7 band straight disperses with the binding energy (Eg) of more than 0.5 eV. The electronic properties
of CVD-grown graphene on Ni (111) do not change, and the electrons occupying these electronic states
behave like they have massless particles at the Dirac point.



0.5 1.0 1.5 2.0

PRI S T R T T [ N I ey |
o

- (F

|hv=40eV

=
S

P

Binding energy (eV)
2

PES intensity (arb.units)

3

LR Eg(eV)
Wave vector k"_x(ﬁ")

1.0 15 20

b) PR TN S NN T T WO W ST R R = EI).C

= E L AR
g F T = =
G
& | s
TR hv = 55 ¢ - b
s -
5 i
£ = k=
g = L B 8
o =1 ™

Wi o 0E 10 LE 0

Wave vector k(A1)
FIGURE 1. ARPES image of graphene on Ni(111) along TK direction.
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In FIGURE 1 (a), we can clearly see two nonlinear dispersion points (at Eg~ 0.6 ¢V and Eg~ 2.8 ¢V)
of the m band when the lower photon energy (40 eV) is used as the excitation energy. While there is only
one broadened nonlinear dispersion point (at Eg~ 2.8 eV) that is seen clearly in FIGURE 1 (b).

Additionally, another band is visible near the Fermi level, indicated by the green arrow in both FIGURES
1 (a) and (b), and highlighted by the green dashed line in the right panels. The dispersive feature of this small
band is not influenced by the photon energy, which indicates the two-dimensional (2D) intrinsic nature of
this band. The interaction between the 2p, states of graphene and the 3d state of Ni metal may induce this
band.

In summary, we experimentally observed the electronic states of CVD-grown graphene on Ni(111) using
the ARPES technique. As a result, the @ band in graphene exhibits the Dirac point near the Fermi level and
the linear dispersion with binding energy less than 0.5 eV. Another two-dimensional band is seen near the
Dirac point.
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The discovery of the superconductivity in F-doped LaFeAsO has opened new era for iron-based
superconductors and brought renew interest in high 7t superconductivity research [1]. Extensive and
intensive studies have shown that the Oxypnictide system, so called 1111 crystal structure system, exhibits
relatively high Tc than other systems. Up to now, SmFeAsO1x (7. ~ 55 K) has been observed with the
highest 7. in bulk single crystal at ambient pressure among iron-based superconductors [2]. For this reason,
understanding the mechanism that why high 7. favor in this crystal structure becomes one of the main issues
in the research field.

In this regard, several angle-resolved photoemission spectroscopy (ARPES) experiments were conducted
to understand the electronic structure, which is believed to provide important clues to the high Tc mechanism.
However, the 1111 system shows a polarized cleaved surface arising from both the Lanthanide Oxides layer
and the Iron Pnictogen layer, resulting in a complex electronic structure. For example, [LaO]+ layer and
[FeAs]- layer exist in LaFeAsO. This leads to the coexistence of surface and bulk electronic states. Although
previous reports have defined bulk and surface state with several methods, direct evidence of the termination
dependence is lacking [3, 4].

In this study, we have performed ARPES measurement on 6% Co-doped LaFeAsO single crystal
synthesized by solid state crystal growth technique [5]. Figures 1(a) and (b) show high symmetry cut and its
second derivative along I' — M direction, respectively. Near the I" point, hole bands are observed, which
believed to be mainly come from the FeAs layer. Meanwhile, relatively large electron bands are observed
near k = -0.4 A, The previous result suggested these electron bands come from the LaO layer [3]. It is
noteworthy that the hole band is also observed near the electron bands, which is consistent with the previous
result. However, it is difficult to distinguish clearly due to the momentum resolution [3, 4, 6].

To confirm that observed electron bands originate from LaO termination, photon energy-dependent
experiments were performed in the range of 8 eV to 40 eV. In Fig. 1(c), electron bands are observed at the
all-photon energy range we used. On the other hand, hole bands from the FeAs layer are observed above
12eV. Below 12 eV, the intensity is suddenly suppressed. This result indicates that observed electron bands
are from LaO termination and are consistent with the STM result, where large electron bands are expected
to exist in the LaO layer [7].
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FIGURE 1. (a) High symmetry cut along I — M direction and (b) the corresponding second derivative. (¢) Cut data taken with
various photon energy from 8 eV to 40 eV.
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We develop a simulation process for angle-resolved photoemission spectroscopy (ARPES), in which the
photoelectron wave packet that is released is coupled with an outgoing plane wave in a vacuum, represented
by a photo-electron wave function. We undertake ARPES measurements on the transition metal
dichalcogenide 1T-TiS», and find good agreement between our calculations and results. Our computed final
state wave functions, when analyzed quantitatively, show that the unequal crystal potential and boundary
condition cause them to incorporate different waves. These findings indicate that a more thorough
examination of the photoelectron final states is required in order to provide a complete explanation for the
ARPES spectra that are dependent on photon energy and light polarization.

An increasing body of research has reported on the simulation approaches for the photoemission angular
distribution using numerical investigations [1]. While time-dependent density functional theory has been
used in the past to simulate ARPES spectra, our focus is on calculating photoemission matrix elements
derived from Fermi's golden rule. The simplest form to describe final states is a plane wave; however, some
research has included the scattering effects to improve reproducibility [2]. The underlying assumption of
these investigations is that a single wavevector is connected to the photoelectron wave function in a solid.
The three-step model of photoemission, which describes a photoelectron as a classical particle with a specific
momentum, is consistent with this assumption. On the other hand, a photoelectron propagates in a vacuum
as a wave packet, a cropped plane wave, according to the time evolution analysis of photoemission [3]. Since
photoelectrons behave like waves, we may analyze the entire amplitude of the photoelectron wave packet
using time-reversed low-energy electron diffraction (TR-LEED) states, which have been used for decades.
Surface-sensitive photoemission analysis requires the TR-LEED wave function to be calculated over the
whole thickness of the thick slab, which results in a significant numerical error in the near-surface region.
This is because TR-LEED states are defined by the boundary condition at the vacuum layer beneath the slab.
Adding an imaginary constant optical potential can help alleviate this problem by causing the photoelectron
wave function to rapidly decay into bulk [4]. The exponential decay linked to the constant optical potential,
however, is unable to replicate the ARPES spectrum modulation caused by the surface sensitivity, according
to a recent ARPES investigation on layered materials [5].

Here, we provide an alternative method for simulating photoemission in the Kohn-Sham system of



density functional theory by limiting the photoelectron wave function to a single outgoing plane wave in the
vacuum above the slab using approximations. Our 1-D photoemission simulations validate this approach for
eliminating the inbound plane waves. In this case, apart from the traveling wave, the photoelectron wave
function inside a solid may contain other waves. The reflected wave must be included in the wave function
even in the stepped potential model in order to meet the connection condition at the boundary. We refer to
them as first-principles (FP) and plane wave (PW) final states, respectively. As a result, the photoemission
angular distribution using such final state wave functions may differ from that using the three-step model
wave function, which includes only the traveling wave. We verified our photoemission intensity calculations
by contrasting them with the transition-metal dichalcogenide (TMD) 1T-TiS, ARPES spectra [Figurel].
Although ARPES has studied the electronic structure of TMDs [6], 1T-TiS; is the best candidate for our
investigation due to its readily cleavable quasi-two-dimensional structure, the absence of termination surface
dependence consideration [7], and its straightforward electronic structure devoid of the charge density wave
phase, in contrast to other 1T-type TMDs [8]. FP final state intensity distributions were shown to be more
similar to experimental ones than PW final state intensity distributions. Furthermore, our wave component
analysis of FP wave functions showed that they contain other plane waves besides the traveling wave; the
absence of these components in the PW final states improved the agreement between simulations and
experiments. To the best of our knowledge, our research provides the first quantitative evidence that reflected
waves in a solid are included in the final state wave functions. Our work offers an accurate explanation of
the photoemission process, which is useful when attempting to derive physical quantities from the
distribution of photoemission anomalies.
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FIGURE 1. Experimental ARPES spectra and simulation results. (a), (b) Experimental spectra along the kx direction taken by
s- and p-polarized 37 eV synchrotron lights, respectively. (c) Photon energy dependence of the integrated intensity asymmetry
along the dashed lines in (a) and (b). The vertical dashed line is located at #v = 37 eV. The overlaid curves represent peak
positions extracted from energy distribution curves. (d), (¢) Simulated photoemission angular distribution using the PW and
FP final states. The incident light was 37 eV, p-polarized. (f) Integrated intensity asymmetry calculated from simulated spectra.
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The A-site substituted quadruple perovskite ruthenate ACusRusO12 provides a unique opportunity for studying
a d-electron heavy-mass behavior. The coefficient of the electron specific heat for the 4 = Ca compound is y ~ 84
mJ/(mol-K?), indicating a heavy effective mass of d electrons [1]. Moreover, the magnetic susceptibility  shows
a broad peak at 7~ 190 K [1]. This temperature dependence is quite similar to y(7) for CeSns, which is a classical
4f electron heavy-fermion material [2]. The previous studies have revealed that the hybridization between the
localized Cu 3d electrons and the itinerant Ru 44 electrons is related to the emergence of the Kondo-like peak in
the excitation spectra near Er [3,4]. The first-principles calculation suggests that both Ru-O-Ru and Ru-O-Cu
networks contribute to the conducting behavior [5]. Therefore, the band hybridization near Er should be taken
into account for the interpretation of the mass enhancement behavior for 4 = Ca. We recently synthesized a
compound SrCusRusO12 under high pressure. The ionic radius of Sr?* is larger than that of Ca®*, and thus the
lattice expansion occurs with St substitution. The change in hybridization strength will provide a new perspective
that can detect the primary mechanism responsible for the d-electron heavy-mass behavior.

Here, we present a photoemission spectroscopy study on the quadruple perovskite oxides SrCuzRusO12. The
experiments were performed at BL-9A of Hiroshima Synchrotron Radiation Center. The photoemission data were
collected with the photon energy of 2v = 16 eV. The energy resolution was set to 13 meV. The samples were
cleaved in situ and kept under an ultrahigh vacuum of 6.0 x 10" Pa during the measurements.

Figure 1(a) shows the photoemission spectra at 7= 10 K for the 4 = Sr compound. Two peaks are observed at
|®| ~ 20 (labeled A) and 80 meV (labeled B). The shapes of the peak A and B are sharper than previously reported
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Figure 1. Temperature dependence of the photoemission spectra of SrCuzRusO,, taken with photon energy of 2zv= 16 eV.
(a) The photoemission spectra measured at 7= 10 K. The vertical bars represent the energy positions of the peak A and B.
(b) Temperature dependence of the photoemission spectra. (¢) Comparison of data analysis between Fermi-Dirac function
divided spectra (Spectra/FD) and symmetrized spectra (Sym. spectra). Brown curves indicate spectra of SrCuzRusO;, and
gold (Au) divided by the resolution-convoluted Fermi function. The raw spectra of Au are shown by black curve for
comparison. Dashed line is guide to the eye for the Fermi-function divided spectra of Au. Gray curve is the symmetrized
spectra of SrCuzsRusO12. (d) Temperature dependence of the Fermi-function divided spectra of SrCuzRusO1,.



spectra on the 4 = Ca compound [3,4]. We show the temperature dependence of the spectra with vertical offsets
in Fig. 1(b), which reveals a temperature evolution of the peak B. In contrast, peak A is insensitive to temperature,
implying a different origin to the peak B.

To clarify the lineshape of spectra near Er, we removed the effect of Fermi-Dirac cutoff on the photoemission
spectra near Er. Figure 1(c) shows a comparison of data analysis between the Fermi-Dirac function (FD) divided
spectra and the symmetrized spectra at E£r [6]. The typical metal material of Au shows featureless spectra at 7=
10 K. On the other hand, a peak (labeled C) in the spectra of SrCusRu4O12 is located just at the Fermi level. As
seen by the FD-divided spectra in Fig. 1(d), the temperature dependence of the energy and intensity for the peak
C is similar to that for the peak B, indicating that they share the same origin. It should be emphasized that the
enhancement of the peak intensity becomes much more pronounced below 7 = 30 K. This temperature evolution
of peak B and C may be derived from the rapid enhancement of the non-Fermi-liquid properties below 20 K rather
than the Kondo effect where the Kondo screening process is practically completed at 300 K [7]. Further
investigations such as angle-resolved photoemission measurements are needed for understanding the d-electron
based heavy-fermion behavior with the non-Fermi liquid state in SrCuzRu4O1o2.
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The understanding the first-order valence transition in 4f systems is one of the most controversial issues of
condensed-matter physics. Two nearly degenerate 4/ valence configurations fluctuate by a small perturbation such
as temperature and pressure, and a handful of compounds exhibits a sharp change in their valences at low
temperatures [1]. This unusual property is associated with Kondo coupling between the bandlike conduction
electrons and the localized 4f spin moments, mediated by c-f hybridization and f-f interaction. The f~f interaction
strength does not depend on the perturbation. Thus, the experimental challenge for the investigation of the valence
transition lies in the observation of the hybridized band dispersions [2].

We focus on the first-order valence transition of the 4/° (Yb*") and 4/** (Yb*") configurations in YbInCu4. The
Kondo temperature, which is a measure of the c-f hybridization strength, changes from 7k ~ 25 K in the high-
temperature phase (7> Tv =42 K) to Tk ~ 400 K in the low-temperature phase (7 < 7v) [3]. Mdssbauer and x-ray
absorption spectroscopy measurements revealed that the Yb valence changes from z ~ 2.9 in the high-temperature
phase to z ~ 2.8 in the low-temperature phase [4]. To understand the mechanism of the valence transition in
YbInCu4, we must detect the fingerprints of the c-f hybridization.

Here, we report findings of momentum-dependent band dispersions in YbInCus by means of angle-resolved

photoemission spectroscopy with synchrotron radiation. The experiments were performed at BL-9A of Hiroshima
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Figure 1. ARPES spectra of YbInCuy4 at 7= 10 K. (a) Schematic figure of the two-dimensional surface Brillouin zone for
the (111) crystal plane of YbInCuy. The thick green lines represent the locations of the momentum cuts for #1, #2, and #3.
(b1)-(b3) ARPES intensity plot /(k,w) taken along three momentum cuts (#1-#3) of two-dimensional surface Brillouin
zone, marked by green lines in (a). (c1)-(c3) Second energy derivatives of the ARPES spectra 0l(k,w)/0a” for the data set
in (b1)-(b3). The black arrows indicate a momentum variation of the band dispersion discussed in the text. (d) Energy
distribution curves at k= 0 A"! for the data in (b1)-(b3). (e) The same data set as in (d), but at k= 0.55 A",



Synchrotron Radiation Center. The samples were cleaved in situ along (111) crystal plane. The data were acquired
with #v= 24 eV photons. The energy resolution was set to 17 meV.

Figure 1(b) shows ARPES spectra I(k, ®) near Er along three momentum cuts (#1-#3) of the surface-projected
Brillouin zone in Fig. 1(a). The spectra were measured at 7= 10 K in the low-temperature phase. To identify the
shape of bands, the second derivative of the ARPES spectra with respect to energy 0I(k,w)/0c” is also plotted in
Figs. 1(c1)-(c3). The flat band of the 4f7 state is clearly observed at || ~ 0.04 eV. The corresponding large peak
in the energy-distribution curves (EDCs) is seen in Figs. 1(d) and 1(e). We note that the momentum dependence
of the 4772 band at 0.04 eV is negligible within the present experimental resolution.

The bands on the high-energy side of the 4f7» peak have momentum dependence. As shown by spectra along
cut #1 in Figs. 1(bl) and 1(c1), the band at |w| ~ 0.13 eV splits into upper and lower branches around k ~ 0 A" of
the T point. From the peak position of the EDCs in Fig. 1(d), the bottom of the lower branch is estimated to be
|o| ~0.21 eV. Similar splits and dispersions of the 4f derived bands near the T point were observed in the Yb 4f
systems and were reproduced by the periodic Anderson model implementing the c-f hybridization. Away from
the T point (cuts #1 to #3), an electronlike band leaves the lower branch for the M point, as indicated by the
arrows in Figs. 1(c1)-1(c3). Interestingly, the lower branch still exists at k ~ 0 A" in the spectra of cuts #2 and #3,
indicating an overlap of the conduction bands at the high-symmetry T point. Such a dentlike shape in 4f-derived
bands has been observed in Yb compounds and is assigned to hybridization phenomena [5,6]. This similarity
suggests the hybridization between the 4f-derived states and conduction bands in YbInCua.
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Mechanisms for spin splitting of electronic bands induced by spin-orbit coupling (SOC) can be classified
into two categories: the Zeeman interaction [1] in ferromagnetic materials, and the Rashba-Dresselhaus
interaction [2]. The former is characterized by electrons with different spins having equal energy difference
regardless of their momentum, whereas the latter has a momentum-dependent energy scale and appears in
systems lacking inversion symmetry. Recently, a new type of spin splitting, attributed to long-range magnetic
order, has been postulated to occur in certain antiferromagnetic (AFM) materials, even in the absence of
SOC [3-6]. This AFM-induced spin splitting is distinctive in that the splitting scale varies upon the
momentum of the electrons, and can be considerably larger than the largest known Rashba effect [7]. Despite
theoretical calculations predicting compounds like MnTe, CrSb, RuO» and MnTe; [8-10] as candidates for
such spin splitting, direct spectroscopic evidence remains elusive. In non-coplanar antiferromagnetic MnTe;,
the components of spin are predicted to be antisymmetric about the high symmetry planes of the Brillouin
zone, forming a “plaid-like” spin texture in the AFM ground state. Specifically, the spin lacks the «
component at the k, =0 (o =x, y, z) planes, whereas all components of spin exist when k. # 0. To verify this
type of spin splitting in MnTe, using ARPES, it is first necessary to gain an understanding of the relationship
between the k. values and the incident photon energies. Therefore, systematic electronic structure
measurements of MnTe, were performed with different photon energies (11-40 eV) at BLO9A. The crystals
were cleaved at 30 K (below the Néel temperature of 87 K) and measured at the same temperature.

=
S
—_
Q
N’

(a)

—_— T
~ ﬁ ? —_— 6 r g4 -
o =) =) 3 22
@ E
s S 4L FC 3
=y i K’ ¢ SO
(7] o
3 ) % ol
< 8 ® |ona H =100 Oe
| . : | H 1 (001)
20 40 60 80 0 40 80 120
26 (°) T (K)

FIGURE 1. Crystal characterization and magnetic responses of MnTez. (a) Crystal structure of MnTe> and its noncoplanar
AFM magnetic configuration. (b) Single crystal x-ray diffraction data. Inset: A single crystal against a millimeter grid. (c)
Field-cooled (FC) and zero-field-cooled (ZFC) temperature dependence of magnetization with / || (001). Inset: magnetic-field
dependence of magnetization at 7= 2 K.

The basic properties of MnTe; are illustrated in Figure 1. The crystal structure and magnetic structure of
MnTe; are shown in Figure 1(a). Figure 1(b) shows the XRD result and a typical MnTe; single crystal. Figure
1(c) illustrates the temperature dependence of the magnetization, indicating that the Néel temperature of
MnTe; is 87 K.



The electronic structure of MinTe; as determined by ARPES at BLO9A is illustrated in Figure 2. A detailed
photon-energy-dependent ARPES map was conducted, spanning the range from 11 to 40 eV. Figure 2(a)
illustrates the ky-k- dispersion at binding energies £g = 0.25 and 0.65 eV, accompanied by the corresponding
constant-energy contours calculated by DFT. The experimental spectral intensity is in reasonable agreement
with the calculated results, as indicated by the red arrows. Figure 2(b) illustrates the E—k: dispersion along
kx = 0. Within the scope of our measurement range, the energy band at £g = 0.5-1.0 eV exhibits repetitive
dispersion, which is qualitatively consistent with the dispersion of the theoretical bulk band in terms of
dispersion period, bandwidth, and energy positions of band tops. The internal potential is accordingly
determined to be Vo =10 eV. Based on these results, we can ascertain that 2#v=21.2 eV corresponds to k. =
5.8 (=0.2) @/c. This is very important for subsequent spin-resolved ARPES experiments, as a non-vanishing
spin signal would be expected under helium-lamp based measurements (4v = 21.2 eV) since £ is not zero
there.

6 7
k, (ti/c)
k, (11/a) k, (1/a)
FIGURE 2. Experimental and theoretical results of k; dispersion of MnTe:. (a) Constant energy contour at binding energy £s
=0.25 and 0.65 eV. (b) E-k. dispersion at kx = 0. Experimental results show a great consistency with the DFT calculated results.
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It is possible to control states and induce new phases in materials under
external fields such as electric and magnetic fields, as well as pressure.
Among these, uniaxial stress can induce lattice modulation and control their
electronic states. Recently, angle-resolved photoemission spectroscopy
(ARPES) measurements under uniaxial stress have been conducted,
establishing this technique as a powerful experimental method [1,2]. To
enable such measurements at BL-9A of HiSOR, a sample holder for

applying uniaxial stress has been developed (Figure 1).

Transition-metal dichalcogenide 1T-TaS; is well known as a layered
material that exhibits various charge density wave (CDW) phases: the
incommensurate CDW (ICCDW) phase in the temperature range from 550

FIGURE 1. Sample holder
for applying uniaxial stress
using at BL-9A.

K to 350 K, the nearly commensurate CDW (NCCDW) phase from 350 K

to 180 K, and the commensurate CDW (CCDW) phase below 180 K upon cooling [3,4]. According to
electrical resistivity measurements, the transition temperature from the NCCDW to the CCDW phase shifts
to lower temperature side under the pressure, and the CCDW phase disappears above 1 GPa [5]. This report
investigates how uniaxial stress affects the electronic structure and the CDW transition temperature using
ARPES.

Figures 2 (a) and (b) show the ARPES images of 1T-TaS; with no stress along the I'-M direction in the
ICCDW phase at 370 K and the CCDW phase at 25 K, respectively. The dispersive band structure between
E =0¢eV and 1 eV is attributed to Ta 5d, and the band below E = 1 eV is derived from S 2sp. The band
structure along I'-M in the ICCDW phase is similar to that in the normal state, and little modification is
observed in the band structure in the NCCDW phase. In the CCDW phase, folding of the Ta 5d band occurs
due to the strong the CDW potential, causing the spectral weight of the Ta 5d band to transfer to k, ~ 0 AL,
Changes in the band structure were not clearly observed in the ARPES spectra for the CDW phase under
uniaxial tensile stress along the I'-M direction.

Figure 2(c) shows the intensities integrated around k. = 0 A™! in the spectra taken from 370 K to 20 K.
The integrated region is indicated by a rectangle in Fig. 1(a). On cooling, a sharp increase in spectral intensity
is observed around 170 K both without and with uniaxial tensile stress, indicating the NCCDW to CCDW
phase transition. However, the transition temperature is approximately 5 K lower under stress compared to
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FIGURE 2. ARPES images of 1T-TaS: along I'-M without stress in (a) ICCDW and (b) CCDW phases. (c) The spectral
intensities integrated over the range indicated by the rectangle in (a) without (solid circles) and with (open circles)
uniaxial stress. (d) The electrical resistivities using four-point probe method without (solid circles) and with (open circles)

uniaxial stress.



without stress. Using the same sample holder for applying stress, the electrical resistivity was measured on
a different sample using the four-point probe method. Figure 1(d) shows the resistivity of 1T-TaS, without
(solid circles) and with uniaxial stress (open circles) on cooling. The direction of the stress is parallel to both
the I'-M and current directions. The resistivities increase steeply around 190 K, indicating the NCCDW to
CCDW transition. Stress decreases the transition temperature by about 5 K, showing a trend similar to the
result obtained from the ARPES measurement.

It is considered that the decrease in transition temperature between NCCDW and CCDW phases is caused
by the suppression of Fermi surface nesting due to uniaxial stress applied to the lattice.
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Magnetic materials play a crucial role in our daily lives. The control of spins in magnetic materials has
long been a significant research topic in spintronics [1-3]. Two important parameters of candidate materials
are the phase transition temperature and the energy level of spin-splitting. A higher phase transition
temperature is more favorable for widespread applications, while a larger spin-splitting strength ensures

stable transport properties and facilitates precise control of spin.

Generally, materials with substantial spin-splitting are primarily ferromagnetic materials and those with
strong spin-orbit coupling (SOC). The spin-splitting mechanism of the former is mainly the Zeeman effect
because of the large net magnetic moment [4,5], while that of the latter is mainly the SOC-induced Rashba
or Dresselhaus effects [6,7]. However, strong SOC effects normally present in high-Z materials, which are

usually toxic and prone to forming undesirable defects, thereby limiting their applications [8—11].

Recently, it has been discovered that low-Z antiferromagnets also exhibits substantial spin splitting [12—
17]. In these systems, the SOC effect is negligible, allowing the degrees of freedom in the spin space and the
lattice space to be decoupled, which permits the existence of more special symmetries. To describe these
unique symmetries, researchers developed the spin space group theory [18-20]. Chen ef al. used spin space
group theory to categorize antiferromagnets into three types based on the symmetry operation 4 that
simultaneously reverses the spins and exchanges the two sublattices [21]. The antiferromagnet belonging to
Type-I1I (4 = C,,) has garnered widespread attention due to its significant spin splitting. Due to the magnitude
of its spin-splitting being significantly higher than that of known materials [22,23], much purer spin current

can be generated, thereby offering broad prospects for applications in spintronics.

In this report, we focus on VNb3Ss, a non-collinear antiferromagnet with canted moment along the out-
of-plane direction. The research on the peculiar spin texture in VNbsSe is still in the very early stages and no
experiments report the spin polarization of its band structure. Therefore, it is crucial to probe the band spin
polarization of VNb3Ss by spin-resolved ARPES. This not only helps to corroborate theoretical predictions

but also benefits subsequent research of other candidate unconventional antiferromagnets.

Here, we employ the state-of-the-art spin-resolved ARPES in BL-9B of HiSOR to probe the spin-splitting
in VNb3Ss. Our data reveals some signs of alternative spin polarization in it. In the experiment, we first set
the photon energy to 116 eV (k: = 0) to perform Fermi mappings and align the I" point, then we change the
azimuthal angle and make the exit slit parallel to the I'-M direction. After that, we set photon energy to 64
eV (k-=0.9 n/c) to perform Fermi mapping again, as shown in Fig. 1(a). Then we set the tilt angle away

from 0°, do a k-E cut and carry out the spin polarization measurement on it. The selected position is marked



by the blue dash line and green dots in Fig. 1(a). The £-E cut result is shown in Fig. 1(b), where two hole-
type split bands can be observed. In order to check the alternative spin polarization along in-plane directions,
we select the momenta on both sides of the I' point and repeat the spin-EDC measurement. As depicted in
Fig. 1(c), we find that the spin polarization is antisymmetric about the high symmetry line k. = 0. This is
consistent with the theoretically predicted spin texture, revealing signs of alternative spin polarization in
unconventional spin-split antiferromagnet VNbsS¢. The maximum spin polarization is close to 10%, and is
found to be different on different sides of I', which we speculate to be resulting from the matrix element
effect. The lack of higher levels of spin polarization may be due to the formation of multiple domains that

contribute to opposite signs of spin polarization.

Due to limited machine time, we obtained only the above results. However, this data is far from sufficient
to verify the alternative spin texture predicted by theory. Subsequently, we need to change the photon energy
and rotate the sample to do the spin-resolved measurement to verify the alternative spin texture along both

out-of-plane and in-plane directions.
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Figure 1. Signs of alternative spin polarization in VNb3Se. (a) ARPES constant-energy contour at £ = 0.1 eV with hv= 64
eV. Red lines and dots mark the 2D Brillouin zone and the high symmetry points. (b) ARPES band dispersion parallel to I'-M.
The green dash lines correspond to the selected energy-distribution curve (EDC) for spin-polarization measurements. (c¢) Spin-
resolved EDCs. Red lines with up-triangle / blue lines with down-triangle correspond to spin-resolved ARPES signals for

positive and negative Sy; red and blue areas represent the spin polarization values.
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The quantum anomalous Hall effect (QAHE) is a quantized Hall effect that occurs without an external
magnetic field. It has attracted tremendous attentions due to its potential applications in electronic and
spintronic devices [1]. Magnetism and topological electronic states are two prerequisites for realizing a
QAHE state. Magnetic topological insulator (MTI) is considered to be one of the most promising topological
matters to realize QAHE. Therefore, the discovery of the first intrinsic magnetic topological insulator
MnBi,Tes immediately attracted widespread attention [2]. MnBi>Tes is a van der Walls quasi-2D system with
the space group R-3m, with a unit cell in which a MnTe layer is inserted into a layer of BioTes [2]. A magnetic
transition between the antiferromagnetic (AFM) ground state and the paramagnetic (PM) state is found
around 24 K. Neutron studies reveal that the magnetic moments are ferromagnetically ordered within a MnTe
plane, pointing along the out-of-plane ¢ direction, but switching sign between adjacent MnTe layers [3,4]. A
previous study found that the Fermi level of Mn(Bi,..Sb,),Tes can be tuned from the conduction bands to the
valence bands by adjusting the atomic ratio x of bismuth to antimony [5]. Soon after, our team conducted
systematic electronic structure research on Mn(Bi;..Sb,),Tes and discovered that Sb doping can not only
regulate the Fermi surface of MnBi,Te4 but also cause an energy gap to open in the Dirac cone surface state
(SS) [6]. The physical mechanism of this phenomenon remains unclear. Studying the spin polarization of the
gapped SS of Mn(Bi1..Sby).Tes is of great significance for understanding the mechanism of the gap opening
and future application prospects.
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FIGURE 1. ARPES results of Mn(Bi1-+Sbx)2Tes. (a)—(e) Raw (top) and second derivative (bottom) ARPES 4-E maps for five
samples with different carrier concentrations ordered by gap size.[6]

We utilized the spin-resolved angle-resolved photoemission spectroscopy (ARPES) setup at BL-9B of
HiSOR to investigate the spin polarization of the electronic bands of Mn(Bi;«Sb.),Tes during this beamline
period. Six Mn(Bi1.,Sby)>Tes samples with x from 0.05 to 0.1 were measured. The normal and spin-resolved
ARPES results of Mn(Bi;..Sb,).Tes at 10 K are displayed in Fig. 2. According to Ref. [7], the magnetic



topological SS and the non-magnetic topological SS have different spin polarization configurations. The SS
of non-MTTs has a helical spin structure and there is no spin component at the Dirac point. The SS of MTIs
has a “hedgehog” configuration, and the SS electrons all have out-of-plane spin (S,) components. Therefore,
we focused on the S: component at /" for all samples to see whether the situation in Mn(Bi;..Sb,),Tes matches
the “hedgehog” or the helical spin texture. As presented in Fig. 2, robust opposite S: polarization near the SS
gap can be observed. As shown in Fig. 3, the spin polarization of S2, S3 and S4 do not change at 40 K, which
is above the Neel temperature of ~24 K. The controversial results for S1 and S6 will be checked again to
rule out artificial problems. We are still collaborating with the theoretical team to conduct in-depth analysis
and research on this data.
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Recently, extensive studies have been conducted on topological phase transitions in various materials
to better understand intrinsic topological phases and explore potential applications. Group-V semimetals, such as
bismuth (Bi) and antimony (Sb), are known to exhibit spin-split surface states, often referred to as topological
surface states or Rashba-type spin-splitting, at their surfaces and interfaces. Interestingly, it has been predicted
that Bi and Sb undergo topological phase transitions under lattice strain. Although bulk Bi is classified as a
topologically trivial material, theoretical predictions suggest that slight lattice strain can induce a transition to a
topologically nontrivial semimetal [1]. Indeed, angle-resolved photoemission spectroscopy (ARPES)
measurements have reported that Bi thin films with fewer than 200 bilayers (BL) exhibit a topologically nontrivial
band structure [2]. For Sb, while freestanding Sb(111) films thinner than 4 BL are topologically trivial [3], bulk
Sb is classified as a topologically nontrivial material. Similar to Bi, several studies have predicted that tuning the
structural parameters of Sb can induce a topological phase transition [3, 4]. Topological phase transitions driven
by epitaxial strain at interfaces are particularly promising for applications because they do not require external
fields and are compatible with surface-sensitive experimental techniques. Additionally, understanding the
electronic structure of interfacial heterojunctions with spin-polarized states is crucial for fundamental physics.

In this study, we performed spin-resolved ARPES on Sb/Bi heterostructures to investigate the spin
state at the interface between Sb and Bi. The measurements were conducted at beamlines BL-9B at the
Hiroshima Synchrotron Radiation Center (HiSOR). Given the surface sensitivity of photoelectron
spectroscopy, we used ultrathin Sb films (2-3 BL) deposited on Bi thin films as our samples. As a
continuation of experiment 22A G033, we investigated the momentum dependence of the spin polarization
on the band dispersion near Fermi level (£r.). The samples were prepared by depositing Sb at room
temperature onto Bi thin films grown on Si(111). No annealing process was applied to avoid the formation
of Bii—Sby alloys. The 1 x 1 surface structure of the Sb/Bi heterostructure was confirmed by low-energy
electron diffraction (LEED).

Figure 1 shows the Fermi surface around the T point for a 3BL Sb thin film on Bi(111). We observed
circular-shaped electronic pocket centered at the T point and surrounding elongated hole pockets, which are
consistent with our previous study [5]. To experimentally clarify the spin-polarized nature of the elongated hole
pockets, we conducted spin-resolved ARPES measurements at A-D regions. We also display the near Er spin-
resolved energy distribution curves (SR-EDCs) for in-plane (y) spin components measured in A-D regions. As
seen in Fig. 1, the SR-EDCs of the hole band in regions A and B are dominated by the down spin, while the up
spin is slightly superior in regions C and D. This indicates that the in-plane spin direction is basically reversed in
the two opposite hole pockets across the T point, qualitatively consistent with the Rashba picture. In 22AG033,
the spin polarization was observed in the inner electron band, and in this 23AG030 the spin polarization was also
observed in the outer hole band. Freestanding ultrathin Sb films are theoretically expected to have no spin-
polarized component, suggesting that this observed spin polarization arises from the hybridization of the Rashba
states of Bi with the band dispersion the Sb ultrathin films.
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FIGURE 1. The Fermi surface of the 3BL-Sb thin film/Bi(111) around the T point and spin-resolved EDC measured in region
A-D, respectively. Green lines show the energy dependence of spin polarization.
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In this work, we aim at preparing tellurium (Te) thin films on metallic substrates and measure their electronic
band structure with spin resolution. In that regard, our choice of substrate is Pt(111) where once Te coverage
reaches 0.44 ML, adatoms form a kagome network with p(3x3) periodicity upon postannealing the sample
approximately at 880 K [1].

Despite our success in achieving the wanted superstructure, the surface electronic band structure as accessed
with spin- and angle-resolved photoemission spectroscopy (SARPES) did not show satisfactory results even
in spin-integrated mode. In order to realize goals set, we deposited Te this time on Ag(111) and Cu(111)
surfaces. On mentioned substrates, Te at 0.33 ML amount creates a binary honeycomb lattice incorporating
the respective host elements, which yields AgTe and CuTe [3-5]. In the following, we will present our
ARPES results along with spin resolution regarding both systems. Initial spin-ARPES experiments have
already been conducted at BL-9B in 2022 (22AG034). However, to finalize the publication, which we are
presently preparing, a more systematic study — focusing also on a possible out-of-plane spin twist — is
essential.

AgTe and CuTe both have two states in the occupied regime of their surface electronic band structure, namely
o= and P as seen in Fig. 1. Energetic difference between the set of bands in those materials set to the side,
there is one particular aspect distinguishing the states across. For AgTe, one finds a sizeable Rashba-type in
the band P- and a.: is degenerate, whereas for CuTe no splitting at all could be observed in the spin-integrated
ARPES data.

At surfaces, inversion symmetry (IS) is inherently broken, which along with spin-orbit coupling (SOC) leads
to Rashba-like spin splittings in the electronic surface band structure [2, 3, 7]. In k-space perspective, this
states feature chiral spin texture with in-plane spin polarization that is normal to the momentum direction,
the so-called spin-momentum locking. In case of the mentioned scenario, IS is broken in an out-of-plane
fashion, and the impact of this is seen in the SARPES measurements for the band f: in both AgTe and CuTe
(red/blue spectra in Fig. 2). In case of AgTe, the Rashba constant ag - 0.88 + 0.02 eVA was already reported
[3], however, we now could quantify the spin-splitting strength to be or = 0.24 = 0.04 eVA for CuTe as well.
The o band on the other hand, does not show any Rashba component in spin vector in both materials.
Beyond the Rashba effect, it is also viable to break IS perpendicular to the surface normal as this is the
instance in binary honeycomb lattices. In turn, this generates out-of-plane spin polarization with contrasting
staggered spin orientations across two inequivalent valley momenta K and K'. Particularly, this aspect we
are aiming to explore and extend our data systematics to the z component of spin vector. The situation
described is alluded to in the spin-resolved data in Fig. 2 (purple/yellow spectra). In stark contrast to the
Rashba-type spin polarization (which is almost completely absent for o), there is in fact a finite spin



asymmetry in the z component in the o and B: band. In case of AgTe, the splitting value reads 23 £+ 5 meV,
and it is 38 =2 meV for CuTe.

In conclusion, we report Rashba-like spin splitting emergent in B band for AgTe/Ag(111) and CuTe/Cu(111).
It is revealed here first for the latter material system. Moreover, due to the inherent in-plane ISB in such
binary honeycomb lattices, there is finite out-of-plane spin polarization along distinct valleys K and K’ [6].
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FIGURE 1. ARPES spectra belonging to AgTe is given to the left and that of CuTe to the right. In each case, there exists a
pair of states o+ and P+ below the Fermi level. Roughly 0.5 eV shift set aside, electronic band structures are mostly similar.
Moreover, the band - features sizeable spin splitting when AgTe is considered, and this is not the occurrence for CuTe in the
spin-integrated data above.
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FIGURE 2. SARPES data summarizing the spin textures observed in AgTe (left column, #v=25 eV) and CuTe (right column,
hv=30 eV). In both systems, Rashba-like spin splitting is present for the band P, which was thus far not confirmed for CuTe.
In addition, out-of-plane valley spin polarization is to be seen in both materials as the result of in-plane ISB emerging from
the honeycomb lattice and SOC. Values for the strength of respective spin splittings are provided in the text. Loci where spectra
were obtained are given in terms surface Brillouin zone sketches next to respective datasets.
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The emergence of perpendicular magnetic anisotropy (PMA) in magnetic thin films is essential from the
viewpoint of practical applications, e.g., increasing the recording density of storage devices. Many magnetic
thin films exhibiting PMA, such as Co/Pt, Co/Pd, FePt, TbFeCo, and GdFeCo, have been extensively
investigated. Among them, “rare-earth and noble-metal elements free” FeCo alloy films are considered
promising candidates exhibiting strong PMA. Burkert et al. predicted that a magnetic anisotropy energy may
increase in FeCo alloys when the tetragonal distortion is applied [1]. Remarkably, around a c/a ratio of 1.20-
1.25, the magnetic anisotropy energy exceeds 700-800 peV/atom, which is one or two orders of magnitude
larger than that of pure Fe or Co. The emergence of strong PMA was experimentally confirmed in the
tetragonally distorted FeCo ultra-thin-films grown on Rh(001) (c/a = 1.24) with a thickness of 13-17
monolayers (ML) [2].

Generally, it is known that the band structure near the Fermi energy (£¥) plays a very important role in
achieving PMA [3,4]. The theoretical calculations suggest that the microscopic origin of PMA in the
tetragonally distorted FeCo alloy is attributed to the minority-spin states composed of dxy and d2.,2 orbitals

near Er, hybridized by spin-orbit interactions [1]. However, the spin- and orbital-dependent electronic states
of the tetragonally distorted FeCo alloy films are poorly investigated experimentally.

In this study, we have fabricated FeCo thin films on Rh(001) substrate by molecular beam epitaxy and
investigated the spin-polarized electronic states by in-sifu spin- and angle-resolved photoemission
spectroscopy (spin-ARPES) at BL-9B of Hiroshima Synchrotron Radiation Center [5]. The quality of the
sample surface was checked by low energy electron diffraction and Auger electron spectroscopy. The
thickness of the film was 13.6 ML. We also carried out the first-principles calculations for the tetragonally
distorted FeCo alloy (c/a =1.24) with/without considering the spin-orbit coupling using WIEN2k program
[6]. The exchange-correlation was treated using the generalized gradient approximation.

To determine the high symmetry points along k&, direction [Fig. 1(a)], we first performed the photon-
energy-dependent measurement. Figure 1(b) shows the ARPES image acquired at various incident photon
energies from 45 to 70 eV with s-polarization. We can recognize the mostly non-dispersive bands around Eg
=1 eV with k, = 3.7 A! and just below Er with k, = 4.4 A-'. The observed features are reproduced by the
calculations (not shown here), and we determined that k, = 3.6 A-! (hv = 45 eV) corresponds to the I point.
Figure 1(c) shows the ARPES image along the I'-X line recorded at 45 eV with p-polarization. A very steep
band crossing Er around the X point is recognized. In addition, weakly dispersive bands are found in between
Erto 1.0 eV around the I point.

To experimentally verify the spin-polarization, we next performed the spin-resolved measurements. The
sample was magnetized along (001) direction at room temperature prior to the measurements. Figures 2(a)
and 2(b) display the out-of-plane spin-resolved energy distribution curves (EDCs) and spin-polarization
recorded at the I and X points, respectively. Here, red and blue represent the majority- and minority-spin
components. For both momenta, we can clearly see the out-of-plane spin-polarization. At the I point, we
have observed a double peak structure in the minority-spin channel around £ = 0.2 and 0.6 eV, although the



broad feature can be seen in the wide energy range in the majority-spin channel [Fig. 2(a)]. On the other
hand, at the X point, a prominent majority-spin peak exists at Er [Fig. 2(b)]. These findings tell us that the
weakly dispersive bands around the I" point and the steep band around the X point mainly comprise the
majority-spin and majority-spin characters, respectively. Based on the theoretical investigations [2], the
majority-spin states composed of dyy and dx2-y2 orbitals play an important role in the emergence of the PMA
of the tetragonally distorted FeCo films. We finally compare the spin-ARPES results with the first-principles
calculations to scrutinize the orbital characters. Figure 2(c) shows the calculated band dispersion along the
I'-X line in the minority-spin channel. The radii of the orange (black) circles are proportional to the net
contribution of dxy (dx2-y2) orbital. By a comparison of Figs. 2(a), 2(b) and 2(c), it signifies that the observed
minority-spin peak located just below Er at the I point (black arrow) and at 1.1 eV at the X point (orange
arrow) are mainly attributed to the dx2-y2 and dyy orbitals, respectively.

In summary, we have investigated the spin-polarized electronic states of the FeCo/Rh(001) films by in-
situ spin-ARPES and first-principles calculations. The out-of-plane spin-polarization indicating the
emergence of PMA was clearly observed at room temperature with zero-field. We conclude that the minority-
spin states near Er are mainly composed of dxzy2 and dyy orbitals. Our findings provide the fundamental
properties of the FeCo thin films and pave the way for the PMA-based applications, such as the photoelectron
spin polarimeter, enabling the detection of the out-of-plane spin components.
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In the framework of group theory, nonmagnetic materials without spin-orbit coupling (SOC),
nonmagnetic materials with SOC, and magnetic materials with SOC can be fully characterized by space
groups, double space groups, and magnetic double space groups, respectively. However, there are magnetic
materials in which SOC can be theoretically set to zero as a starting point to examine the essential physical
properties. The symmetry of these magnets is rarely explored. These materials possess a crucial property that
the spin degree of freedom is partially decoupled from the orbital part [1-9], resulting in a substantial and
momentum-dependent SS whose energy scale is often much larger than that of the SSs caused by SOC. The
spin texture of such band splitting remains scarcely measured experimentally [10-15]. To establish the
theoretical underpinnings of such innovative antiferromagnets (AFM), Hayami et al. proposed that the
anisotropic kinetic motion of electrons gives rise to an effective SOC, resulting in an anisotropic SS [10-11].
Yuan et al. proposed several prototypes of SS and predicted the presence of AFM-induced spin separation
[13-15]. A number of research groups introduced the concept of the spin group [1-9] to describe the
electronic structure of such materials, and predicted a series of associated physical phenomena, such as the
weak SOC Z, topological phase [4], the chiral Dirac-like fermions [16,17], the C-pair spin valley locking
[18], the non-relativistic spin Hall effect [19,20], the spin splitter torque [21,22], the non-relativistic
Edelstein effect [23], and the anomalous Hall effect [24,25]. Specifically, the term “altermagnet” is
introduced to designate collinear antiferromagnets that possess such AFM-induced SS [26-28].
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FIGURE 1. Signs of spin polarization in CrSb. (a) ARPES band dispersion parallel to I'-M with #v= 38 eV. The red dashed
frame corresponds to the selected energy distribution curve (EDC) for spin-resolved ARPES measurement. (b) Spin-
resolved EDCs. Red line with upward triangles / blue line with downward triangles correspond to raw intensities of positive
and negative spins along the z-direction (S:). Red and blue areas correspond to the corresponding spin polarizations.



In this report, we focus on CrSb, a candidate spin-split antiferromagnet with a Néel temperature
significantly surpassing the room temperature. Compared to MnTe, CrSb is an out-of-plane 4-type AFM
metal, offering better conductivity and magnetic storage density. Compared to RuO,, CrSb demonstrates
higher phase transition temperature, larger effective magnetic moment, and more pronounced anisotropic SS.
Hence, CrSb stands out as an ideal material for spintronic application. However, research on the peculiar
spin texture in CrSb is still in a very early stage, with few experiments reporting on the spin polarization of
its band structure. Therefore, it is crucial to probe the spin polarization of CrSb bands by spin-resolved
ARPES. This not only helps to corroborate theoretical predictions but also benefits subsequent research of
other candidate materials.

Here, we employ state-of-the-art spin-resolved ARPES in BL-9B of HiSOR to probe the spin-splitting in
CrSb. Our data reveals some signs of spin polarization in it.

In the experiment, we first set the photon energy to 72 eV (k, = 0) to perform Fermi mappings and locate

the bulk I" point. Then we adjust the azimuthal angle and make the exit slit parallel to the I'-M direction.
After that, we set the photon energy to 38 eV (k,~0.9 m/c) to do a k-E cut and carry out the spin polarization

measurement. The position of the SARPES measurement is marked by the red box in Figure 1(a). As shown
in Figure 1(b), we find that the bands at the measure position exhibited some sign of spin polarization up to
10%, and the direction of spin polarization is reversed at different binding energies. This is consistent with
the theoretically predicted spin texture, providing evidence for spin polarization in CrSb. The low signal-to-
noise ratio in the data may be due to the combined effect of insufficient measurement time and the formation
of multiple domains that contribute to opposite spin polarizations.

Due to limited machine time, we obtained only the above result. This data is far from sufficient to verify
the alternative spin texture predicted by theory. Subsequently, we need to perform spin-resolved
measurements at opposite momentum positions -k at the same incident energy to check if the spin
polarization is antisymmetric about the mirror plane. Additionally, we need to change the photon energy and
rotate the sample to do the spin-resolved measurement to verify the alternative spin texture along both out-
of-plane and in-plane directions.
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Theoretical efforts have recently predicted unconventional antiferromagnets characterized
by crystal symmetry C (rotation or mirror), which connects antiferromagnetic sublattices in real
space and couples spin and momentum in reciprocal space [1]. This results in unique C-paired
spin-valley locking (SVL) and novel properties like piezomagnetism and noncollinear spin
current without spin-orbit coupling. However, reported unconventional antiferromagnets are
not layered, limiting their spintronic application potential and not meeting symmetry
requirements for nonrelativistic spin current.

We present the realization of C-paired SVL in a layered room-temperature antiferromagnetic
compound, RbisV2Te20 [2]. DFT-calculation show opposite spin splitting between C-paired
valleys. In this study, we validate the presence of spin polarized band structure using spin-

resolved ARPES. This marks the first realization of layered antiferromagnets with C-paired



SVL, combining layered material advantages with potential crystal symmetry manipulation
control. These findings promise significant advancements in magnetism, electronics, and

information technology.
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Fig. 1. Spin-resolved ARPES on Rb;5V:Te;O. a, Schematic lattice structure of Rb1.5V2Te20, where black
arrows indicate the magnetic moments of V which are parallel/antiparallel to the ¢ axis. Two magnetic
sublattices are related by diagonal mirror symmetry M; and M, (transparent blue planes) and four-fold
rotation symmetry (C,,). b, DFT-calculated band structure, blue and red dotted lines are bands with spin up and
down, respectively. ¢, ARPES cut along M-X-M, with overlaid blue and red dashed lines representing DFT-
calculated bands. d, Spin-resolved energy distribution curves (blue and red circles, left), and spin polarization

(black solid line, right) corresponding to white dashed lines 1 and 2 marked on c.
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Topological insulators (TIs) characterized by spin-polarized Dirac-cone-like band structures on their
surfaces have been extensively investigated over the last decade. As a hallmark of TIs caused by strong spin-
orbit coupling, the spin-momentum-locked topological surface state (TSS) offers a pure spin current on their
surfaces. The spin-polarized surface electrons of TIs are robust against nonmagnetic impurities and defects.
So far, many TIs, such as Bi,Ses, BixTes, and SboTes, have been theoretically predicted and experimentally
verified by angle-resolved photoemission spectroscopy (ARPES) with spin-resolution.

Recently, the ultrafast optical response of TSS has attracted much attention. Time-resolved ARPES
utilizing femtosecond-laser reveals several characteristics and functionalities, e.g., the emergence of Floquet
state [1], population inversion [2], and the surface photovoltage effect [3]. However, the ultrafast carrier
dynamics derived from the unique spin texture of TSS have hardly been investigated.

In this work, we investigated the spin- . o
w B Hi

dependent ultrafast surface carrier dynamics of 0.3
a ternary topological insulator (Sb,Bi),Tes, @\ () e g
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probe time-resolved ARPES measurements  o0.30ev
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at the TSS in a certain energy region around 0.05 eV are very weak [see the red arrow in Fig. 1(b)], while
those around 0.15 eV are pronounced. To illustrate the temporal evolution of the bands, Figure 1(c) displays
the momentum-integrated photoemission intensity profile as a function of delay time. We find a dip structure
around 0.05 eV from 0.0 to 0.5 ps. After 0.5 ps, the intensity around 0.05 eV drastically increases because
the photo-excited electrons at higher energy states relax through intra-band and inter-band scatterings. These
findings suggest that the direct transition is prohibited around 0.05 eV in the MIR-pump scheme. To compare
the ultrafast carrier dynamics, we also performed time-resolved ARPES using the VIS-pump [Figs. 1(e) and
1(f)]. However, in sharp contrast to the MIR-pump scheme, no dip structures are visible at = 0 ps.

Since the forbidden transition observed in the MIR-pump scheme likely stems from the unique spin
texture of the TSS, we proceeded with the spin-resolved measurement of the occupied bands below Ef.
Figure 2(a) shows the spin-resolved ARPES image captured at 17.0 eV. Red and blue colors correspond to
positive and negative in-plane spin-polarization, respectively. From Er to -0.3 eV, the spin-polarized lower
portion of TSS is evident. Additionally, M-shaped spin-split Rashba bands are observed around -0.5 eV.
Since the directions of in-plane spin-polarization at the upper and lower TSSs are reversed with respect to
the Dirac point, the forbidden transitions in the “resonant” MIR-pump scheme are most likely caused by the
intrinsic spin texture of TSS, as depicted in Fig. 2(b). In the VIS-pump scheme, on the other hand, the direct
transition to the upper TSS is allowed because the transition occurs from the unpolarized deeper-lying bulk
continuum states. Finally, we discuss why the direct transition is permitted around 0.15 eV at the TSS in the
MIR-pump scheme [Fig. 1(b)]. The upper panels of Fig. 2(c) show the constant energy contours recorded at
t ~ 0 ps with VIS-pump. At 0.05 eV, an isotropic shape contour is seen. On the other hand, at 0.15 eV, the
contour shape undergoes deformation from circular to hexagonal due to the warping effect. On the warped
bands, it is known that not only in-plane but also out-of-plane spin components emerge [the lower panels of
Fig. 2(c)] [5]. In such a case, the direct transition would be partially allowed.

In conclusion, we have experimentally demonstrated the spin-dependent forbidden transition in the TI by
using time-resolved ARPES and spin-resolved ARPES. Our findings pave the way for ultrafast opto-
spintronic applications using the TSS of TIs.
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FIGURE 2. (a) In-plane spin-polarization mapping of (Sb.s7Bio43)2Tes along T' — K direction recorded at 17.0 eV. Gray
circles represent the fitting results of the TSS shown in Fig. 1(e). (b) Schematic illustration of spin-dependent direct transition
using MIR- and VIS-pump schemes. (¢) Upper panel: constant energy contours at 0.05 and 0.15 eV recorded at ¢ ~ 0 ps with
VIS-pump. Lower panel: Schematic illustrations of spin texture of isotropic (left) and anisotropic TSS (right). Light green and
orange colors correspond to the in-plane and out-of-plane spin components, respectively.
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The structural alteration of water-soluble proteins due to the interaction with bio-membranes (or lipid bilayers)
is a starting point for manifesting various biological functions and diseases such as the membrane permeation of
protein toxins, formation of amyloid fibrils on membranes, stabilization of the myelin sheath around neuron?, and
drug transportation into the membranes®. In this study, to obtain the time-resolved circular-dichroism spectra of
protein in the process of membrane interaction, we have developed a TR microfluidic mixing device dedicated in
the dynamic observation of protein structures under the membrane interaction (Figure 1) and installed the TR
system into the vacuum-ultraviolet circular dichroism (VUVCD) instrument using a synchrotron radiation. The
system was also applied to analyze the kinetic parameters and the formation of intermediates in the membrane
interaction processes (from native- to membrane-bound-states) of B-lactoglobulin (bLG).

The CD spectra of bLG in various lipid/protein (L/P) concentration ratios (L/P=0~100) showed that bLG
transformed from B- to a-rich conformations due to the membrane interaction with the two-state transition and it
completely formed the M-state at L/P=50 (Figure 2). The TR-CD spectra after mixing bLG and lysoDMPG
micelle solutions were measured in the wavelength range of 180-260 nm within 1-60s (Figure 3). In this
interaction process, bLG had the B-a conformation change with more than two transition states. To obtain the rate
constants for the interaction, global fitting analysis with biexponential functions were conducted for all TR-CD
spectra dataset and two different rate constants were determined, indicating the presence of one intermediate state
(I-state). Further, the CD spectrum of the I-state was extracted by considering the two rate constants. From the
analyses of secondary structures in the M- and I-states, we discussed on the a-helical regions of bLG that

interacted with membrane and disclosed that the native — I and I — M transitions were attributed mainly to

electrostatic and hydrophobic interactions, respectively. TR-VUVCD system would be useful technique for
characterizing the interaction mechanism between protein and membrane.
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One of the amyloidosis associated with neurodegenerative disorders is Parkinson's disease (PD), which is
caused by the formation of amyloid fibrillar aggregates or Lewy bodies in neuron, and these fibril formations
are known to be attributed by the interaction of a-synuclein (aS) with the synaptic vesicle membranes [1].
aS is composed of 140 amino acid residues and is divided into three regions: N-terminal region (residues 1-
60), non-amyloid B-component (NAC) region (residues 61-95), and C-terminal region (residues 96-140) [2].
The salts such as NaCl and CaCl,, which are universally present in cells, were important factors to regulate
the characteristics of amyloid fibrils of aS because these salts directly affected the electrostatic interactions
between aSs and between oS and membrane, giving some perturbations to the hydrophobic interactions
between aS and membrane. Hence the observation of the salt effects including the types and the
concentrations are widely studied to characterize the membrane interaction mechanism and the fibril
formation mechanism of oS. In this study, synchrotron radiation techniques, vacuum-ultraviolet circular
dichroism (VUVCD) [3] and linear dichroism (LD) spectroscopy, were used to characterize the structures of
aS on the membrane in the presence or absence of salt (NaCl). Based on these experimental results, the
molecular dynamics (MD) simulations were conducted to characterize the salt effect on the interaction
between oS and membrane at the secondary structure and amino-acid residue levels.

Thioflavin-T fluorescence showed that the amyloid fibril formations were highly promoted in the presence
of salt. The VUVCD spectra showed that aS changed from a random structure to a helical structure as the
molar ratio of lipid to protein increased with or without salt. However, the presence of salt largely decreased
the helical contents, compared with the case of absence of salt. The LD spectra showed that some helical
segment regions and tyrosine (Tyr) residues interacted with the membrane, orienting parallel to the
membrane surface, but the presence of salt largely inhibited these interactions. The N- and C-terminal
regions of aS, which include one and three Tyr, respectively, were separately simulated by MD in the
membrane and we found that Y39 and Y125 would be involved in the membrane interaction in the absence
of salt, but not in the presence of salt. These results suggested that the salt should decrease the membrane
interaction regions of aS at the helix structure and Tyr residue levels, which would induce the exposure of
aS to the solvent, promoting the intermolecular interactions toward to the amyloid fibril formations.
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Proteins in the dry state are utilized in various fields such as pharmaceuticals and food science. It is known
that the structural differences between the liquid and dry states are slight for globular proteins [1], but
intrinsically disordered protein undergoes a structural alternation from non-regular to regular structures
during the dry process, expressing some unique biological functions. Hence, the elucidation of the
relationships between the structural alternation and the function expression is attractive targets. In this study,
we measured some globular proteins in the dry state using a vacuum-ultraviolet circular dichroism (VUVCD)
spectroscopy, which is the powerful tool for secondary structure analysis of proteins, to discuss the
preparations methods of dried proteins. Further, we measured the VUVCD spectra of dried G3LEA protein,
which has the structural alternation from disordered structure in liquid state to helical structure in the dry
state, expressing a protective function of cell membrane [2].

Eight types of dried globular proteins with different secondary structures were prepared by a spin coating
technique and a vacuum drop casting method. As expected, the spin coating can suppress the surface
inhomogeneity of the samples compared the drop casting, depressing the artifact within the CD data due to
linear dichroism, which were confirmed by the suppression of rotation and inversion CD dependence of
dried samples. Dried G3LEA consisting of 22 residues were
prepared by the spin coating technique and we confirmed
the structural alternation from random structure in liquid
state to a-helix structure in the solid state (Figure 1). The
CD spectra of dried G3LEA protein were also measured in
the presence of two types of liposomes which are composed
of net neutral or negatively-charged phospholipids. As a
result, the formation of o-helix structures was clearly

—— G3LEA liquid
e G3LEA solid (spin coating) ]
e G3LEA so0lid (drop ing)

CD[M-1cm]
b

observed in negatively-charged lipid liposome but not in

neutral one. Furthermore, the formation of a-helix !

structures was further promoted in the lipid liposome of the =5I

gel phase, compared to that of the liquid crystal phase. %0 200 220 240 260

These results indicated that the surface charge of liposome Wavelength[nm]

and its liposome fluidity influenced the structural

alternations of dried G3LEA protein. FIGURE 1 VUVCD spectra of G3LEA protein
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Encapsulins are protein-based organelles found in prokaryotes that compartmentalize specific
biochemical functions. These organelles exhibit icosahedral symmetry and can encapsulate various cargo
proteins, including ferritin-like proteins, peroxidases, and desulfurases[2]. The encapsulation process is
mediated by targeting peptides or encapsulation-mediating domains. Encapsulins have potential applications
in bioengineering, vaccine development, and nanoparticle alignment. However, the random orientation of
cargo proteins within encapsulins poses a challenge for structural analysis using traditional methods like X-
ray crystallography and cryo-electron microscopy (cryo-EM).

The genus Geobacillus, part of the Bacillaceae family, includes moderately thermophilic bacteria closely
related to Bacillus subtilis. Geobacillus kaustophilus (Gk) has a wide temperature range and excellent growth
characteristics, with its genome containing one encapsulin (Gk-enc) gene and a cargo protein, iron-
mineralizing encapsulin-associated Firmicutes (IMEF). Gk-enc forms 240-mer nanoparticles (FIGURE 1 A).
An expression system using the Gk-enc gene and IMEF’s TP sequence was established to produce stable
cargo proteins.

Pyrococcus furiosus (Pf) is a hyperthermophilic archacon living near deep-sea thermal vents. Its
encapsulin, a 345 amino acid protein, has a capsid linked to an N-terminal ferritin-like domain. The capsid
structure is known, but the NTD structures remain unclear (FIGURE 1 B, C) [3, 4].

Encapsulins from Geobacillus kaustophilus (Gk) and Pyrococcus furiosus (Pf) were prepared and purified.
The Gk-encapsulin (GK-enc) and its cargo protein myoglobin (Mb-TP) were expressed in E.coli. and
purified using Ni-affinity chromatography. The Pf-encapsulin (Pf-enc) and its N-terminal domain (Pf-enc-
NTD) were also expressed in E. coli and purified. VUVCD spectra were measured at the Hiroshima
University Synchrotron Radiation Center to evaluate the secondary structures of the encapsulins and their
cargo proteins.

The VUVCD spectra of GK-enc and GK-enc-Mb (FIGURE 2 A) revealed that the cargo protein Mb-TP
was correctly folded within the encapsulin. The secondary structure analysis showed an increase in helical
content for GK-enc-Mb compared to empty GK-enc. For Pf-enc, the VUVCD spectra (FIGURE 2 B, C)
indicated that the N-terminal domain (Pf-enc-NTD) exhibited a different secondary structure when
encapsulated within the full particle compared to its isolated form. This suggests that the structure of Pf~enc-
NTD is influenced by its encapsulation within the full particle.

The study demonstrates that VUVCD spectroscopy is a valuable tool for evaluating the secondary
structures of cargo proteins within encapsulins. The findings indicate that the encapsulation process can



influence the folding and structure of cargo proteins. This structural information is essential for the
development of encapsulin-based applications in bioengineering and vaccine development. The approach
used in this study could become a standard method for evaluating the internal structures of encapsulins in
future research.
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FIGURE 1. Ribbon models of encapsulins (A) 240-mer Encapsulin from Quasibacillus thermotolerans, (B) 180-mer
Encapsulin from Pyrococcus furiosus (Pf-enc) (C) Pf-enc N-terminal domain (Pf-enc-NTD) and the structure within the circle
represent the monomer. [1]
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FIGURE 2. (A) CD spectra of Gk-enc and Gk-enc-Mb, (B) CD spectra of Pf-enc-full with simulation spectra of Pf-enc-capsid
(PDB ID:2e0z) and (C) CD spectra of Pf~enc-NTD with simulation spectra of Pf-enc-NTD (PDB ID:5n5e). [1]

TABLE 1. Secondary structure contents of Gk-enc [1]
Gk-enc (%) Gk-enc-Mb (%) Mb-TP (%)

(simulation)
Helix 18.8 24.4 60.7
Antiparallel 24.0 22.5 0.2
Parallel 0.8 0 2.1
Turn 14.5 14.9 13.7
Others 41.9 38.2 233

TABLE 2. Secondary structure contents of Gk-enc [1]

Pf-enc-full (%) Pf-enc-capsid (%) Subtraction Pf-Enc-NTD
(from PDB:2e0z) Pf-enc-full of (%)
Pf-enc-capsid (%)

Helix 13.6 (50)* 26.9 (63) 8.6 (11 61.9 (80)
Antiparallel 29.7 (108) 10.0 (24) 445 57) 0 (0)
Parallel 0 (0) 9.1 21 0 0) 0.4 (1)
Turn 15.7 57) 12.5 (30) 17.4 (22) 0 0)
Others 41.1 (150) 41.5 (98) 29.6 (38) 37.7 (49)
total 100.0 (365) 100.0 (236) 100.1 (129) 100.0 (129)

& Values in parentheses indicate the number of amino acid residues in the secondary structures.
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Circular dichroism (CD) spectroscopy, traditionally used for studying the secondary structure of proteins
and peptides [1], has not been yet established for studying polysaccharides (PSs). The current study has
explored the potential of using CD in structural changes associated with PS hydrogelation. Certain PSs can
change from a liquid to a gel when exposed to light, ions, or temperature. Alginate, an ecofriendly and
nontoxic PS used in medicine and food, is especially known for forming hydrogels when mixed with
polyvalent ions [2]. In the food industry, alginate serves as an additive to enhance texture and shape. This
function is closely related to the conformational changes during sol-gel transitions, so structural analysis of
alginate is helpful for maximizing its function as an additive.

Herein, CD experiments using synchrotron radiation (SR) light were carried out to investigate the
structural changes associated with gel formation in the presence and absence of metal ions. Monovalent ions
such as Na®, K*, and Li* did not induce hydrogel formation, whereas hydrogels were obtained by divalents
(e.g., Ca’", Ba’", Cu®', and Zn?"), as well as trivalent ion (e.g., Fe*"). The cations exhibited different
influences on the native conformation of alginate, suggesting variations in the assembly of the alginate chains
in the presence of different ions. Additionally, discrepancies in CD spectra reflected that the formed
hydrogels possessed diverse mechanical, physical properties, and morphology.

The formulation of hydrogels is an evidence of the self-assembly phenomeneon. Alginate chains are inter-
connected, forming a cross-linked 3D-network structure that entraps water molecules, leading to hydrogel
formation. Hence, to construct the self-assembly/gel phase diagram based on the CD observations,
concentration-dependent experiments, varying alginate concentrations or polyvalent ion concnetrations (i.e.,
Ca?"), were conducted using a CD spectrometer. The concentration of the polyvalent ion that causes no
change in the CD spectrum of alginate or that self-assembly of alginate chains was terminated (Figure 1,
left) was marked as the initiation of aggregation. As a result, a Ca®>" concentration of 1.56 mM, at 1.0 mg/ml
alginate concentration, was referred to the transition concentration from the self-assembly to aggregation
which is followed by hydrogel formation (Figure 1, right). This finding was reinforced by atomic force
microscopy (AFM) imaging, which showed increased cross-linking and thichness of fibers at higher Ca?*
concentration (2.5 mM) (Figure 2).
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FIGURE 1. CD spectrum of alginate (1.0 mg/ml) as a function of Ca®" concentrations (0.5 mM ~ 2.5 mM) (left), and self-

assembly transition diagram based on CD observations (right).
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FIGURE 2. AFM images of the alginate-Ca®" system with [alginate] = 1.0 mg/ml and Ca>" concentrations of 1.0 mM (left),

or 2.5 mM (right).

Ongoing investigations are underway to further explore the alginate-Ca?* hydrogel system using SRCD,
aiming to study the kinetics and thermodynamics of hydrogelation process.
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Thermal stability of proteins in aqueous solutions is increased by the addition of sugars, which is due to
the preferential exclusion of the sugars from the proteins. In this study, we investigated the effect of glucose
on the thermal stability of lysozyme, one of typical globular proteins, by using vacuum-ultraviolet circular
dichroism (VUVCD) spectroscopy. VUVCD is an effective tool for analyzing structural change of proteins.

Lysozyme from hen egg white (Seikagaku Corp.) and glucose (FUJIFILM Wako Pure Chemical Corp.)
were used without further purification. An acetate buffer solution (pH 4.0, 10 mM) with 10 mM NaCl was
used as solvent. The concentration of glucose and lysozyme was 20 w/v% and 5 mg/mL, respectively. The
protein solutions were centrifuged at 16,000 x g for 15 min to remove the aggregates before the
measurements. The measurement of VUVCD spectra was performed using the synchrotron-VUVCD
spectrophotometer of Hiroshima Synchrotron Radiation Center (BL-12). The CaF; optical cell with 50 um
path length was used and the spectra were measured from 263 to 175 nm at temperatures from 20 °C to 90
°C under a nitrogen atmosphere.

The shape of a VUVCD spectrum of lysozyme without glucose measured at 75 °C was different from
that measured at 20 °C, indicating thermal denaturation of lysozyme at 75 °C (Figure 1). On the other hand,
the shape of a VUVCD spectrum of lysozyme with 20 w/v% glucose measured at 75 °C was only slightly
changed from that measured at 20 °C (Figure 1). This result demonstrated that glucose stabilized the native
structure of lysozyme.
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FIGURE 1. VUVCD spectra of lysozyme in 20 w/v% glucose at 20 °C (blue solid line) and 70 °C (red solid line), and in
acetate buffer at 20 °C (blue dashed line) and 70 °C (red dashed line).
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Self-assembly is a captivating phenomenon within supramolecular chemistry, triggering the formation
of hydrogels stabilized by non-covalent interactions including hydrogen bonding, n-r stacking, electrostatic
interactions, and hydrophobic forces. Supramolecular gels-based low molecular weight molecules find
applications in tissue engineering, drug delivery, biosensing, and catalysis [1]. Azapeptides, characterized
by their nitrogen atoms, offer unique functionalities and stability, rendering them ideal for the fabrication of
supramolecular hydrogels [2, 3]. In this study, two hydrogelator molecules derived from azapeptide family
were designed, and structurally elucidated using various spectroscopic techniques. NMR, FTIR, UV-Vis,
fluorescence, SEM, and rheology experiments were conducted to explore molecular, supramolecular,
mechanical features. In solution, both molecules exhibit monomeric states adopting B-turn conformation
stabilized by intramolecular hydrogen bonding, while the supramolecular structure (as revealed by X-ray
crystallography) is stabilized mainly through intermolecular hydrogen bonding and n-n stacking (data is not
shown). In the gel state, circular dichroism (CD) spectroscopy, is crucial for understanding the secondary
structure and self-assembly of azapeptide-based hydrogels [4]. This study sheds light on the conformational

150 changes occurring during the self-assembly
—10°C| process. For example, the temperature dependent

20°C 5 e
100 apcc| experiment revealed the gel-sol transition
= —40°C|  associated with conformational changes (see
g 501 Figure 1). By integrating principles from
o supramolecular chemistry, innovative azapeptide
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§ 50 methodologies, the development of functional
5 hydrogels with tailored properties for diverse
E 100+ applications becomes achievable.
D

FIGURE 1. Temperature-dependent SRCD spectrum of
.2001—, : i : azapeptide hydrogel (c = 0.8 w/w%, pH = 7.0).
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The origin of homochirality in terrestrial biomolecules (L-amino acid and D-sugar dominant) remains
one of the most mysterious problems in the research for the origins of life. Rational explanations for the
chiral asymmetry introduction into biomolecules are required through interdisciplinary collaborations. One
of the most attractive hypotheses in the context of astrobiology is cosmogenic scenario; Asymmetric
reactions of prebiotic molecules on interstellar dust surfaces in molecular cloud circumstances were
introduced by polarized quantum radiation sources in space, that is “chiral radiations” [1, 2].

Among the polarized quantum radiation sources, circularly polarized light (CPL) in the space
environment is thought to be one of the most likely causes of the enantiomeric excesses of terrestrial
bioorganic molecules. A cosmogenic scenario has attracted attention, which proposes that the radiation fields
of CPL induce new optical activity in organic molecules produced in the interstellar environment, leading to
the enantiomeric excesses. The radiation fields of CPL are assumed to exist in the scattered light by magnetic
field-aligned dust in massive star-forming regions [3] and in synchrotron radiation (SR) or gamma-ray bursts
from neutron stars with strong magnetic fields [2]. Ultraviolet light with a wavelength shorter than 230 nm
is highly absorbed by bioorganic molecules such as amino acids. Furthermore, this is in the region where the
optical response to left- (L-) and right- (R-) CPL is of opposite sign, that is, optical activity is prominent.

To validate the cosmogenic scenario, several ground simulating experiments have been investigated
using ultraviolet CPL from high-energy particle accelerators. In this study, we focused on a hydrogen Lyman-
o wavelength of 121.6 nm, where strong emission lines are observed in star-forming regions. Furthermore,
it is predicted by recent theoretical calculations that the hydrogen Lyman-a light is circularly polarized by
the magnetic field-aligned dust scattering in massive star-forming regions. We have carried out irradiation
experiments by using circularly polarized hydrogen Lyman-a light to investigate the further photon energy
dependence of chiral asymmetric reactions. We formed thin solid film samples of racemic mixture of alanine
(DL-alanine) on quartz substrates from crystal powders of DL-alanine by using a thermal-crucible vacuum-
evaporation system. The samples were irradiated with L- or R-CPL in hydrogen Lyman-o wavelength of
121.6 nm using the undulator beam line BL1U of UVSOR-III. The irradiated CPL wavelength corresponds
to photon absorption bands with the chromophores from the electronic transitions of carboxyl and amino
groups (n-6*) of alanine molecule [4, 5]. The samples were set in a vacuum sample chamber preventing
attenuation by air absorption. The 121.6 nm wavelength radiation from the undulator is reflected by a gold-
coated mirror located in the mirror chamber directly beam upstream of the sample chamber and then enters
the sample chamber. On the beam entrance side of the vacuum sample chamber, a gate valve with an MgF»
vacuum sealing window (0.5 mm in thickness) was mounted. The use of gold-coated mirror reflections has
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made it possible to suppress high-energy higher-order light from the undulator source expecting to reduce
the transmittance loss of the MgF, window due to high-energy radiation induced defects. The sample
substrate was set in the sample holder, in which magnetic field can be applied to perpendicularly to the
sample surface (Figure 1). The total photon beam intensity irradiated on the sample was monitored with
photoelectron current of a silicon photodiode settled at the beam downstream side of the sample holder.

CD spectra of the CPL irradiated films were measured using the SR-CD beam line BL-12 of HiSOR to
clarify the optical activity emergence by CPL irradiation. CD spectroscopy can detect optical activity with a
high accuracy because CD spectra sensitively reflects the steric structures of chiral molecules. To delete the
effects of linear dichroism components, the CD spectra at sample rotation angles (0, 45, 90, and 135 degrees)
from both back and front directions of each were individually measured and averaged them. We already
reported the results of the first feasibility study conducted as application proposals to collaborate with
UVSOR and HiSOR in FY2022 (6). The measured CD spectra of DL-alanine films irradiated with CPL at
121.6 nm in wavelength indicated the emergence of optical activity depending on the irradiated CPL
polarization helicity (L- or R-CPL). In addition, we examined the effect of applying a magnetic field to the
sample to investigate the effect of the magnetic field in interstellar space. Comparing with CD spectra of
irradiations at 215, 180 and 155 nm in wavelength in our previous study [7, 8], the aspects of the optical
activity emergence strongly depend on the irradiated CPL wavelength.

In the experiments for the FY2023 collaborative application proposals, we focused on accumulating
reproducibility data of the previous FY2022 results and improving the accuracy of quantification in the
quantum efficiency of the emergence of optical activity. Figure 2 shows CD spectra of DL-alanine films after
right (R-) and left (L-) circularly polarized Lyman-a (121.6 nm) irradiation with magnetic field (0, 0.7 T).
As shown in this figure, we found a clear emergence of optical activity and a significant magnetic field
application effect. The clarification of full mechanism of the optical activity emergence potentially has
relevance to the origin of terrestrial bioorganic homochirality stimulated by “chiral photon radiation”.

This work is supported by the Astrobiology Center Program of National Institutes of Natural Sciences
(NINS) (Grant Number AB041014 and ABO515) and Frontier Photonic Sciences Project of National
Institutes of Natural Sciences (NINS) (Grant Number 01212202 and 01212304).
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Lipids are one of the major constituents of living organisms. In
particular, lipids self-assemble into oriented amphiphilic bilayers, = %
which are the basic structure of the cell membranes. Lipid bilayers 7(\
not only play an important protective role in maintaining cells, but
also serve as sites for information transfer and protein reactions.
Therefore, understanding the properties of lipid membranes is
fundamental to studying biological mechanisms in detail, and to this ,
end, attempts have been made to reproduce artificial cell membranes ’
by supporting lipids on metal substrates. Lipid membranes supported
on §olid substrates (Figure 1), such as LB (Langmuir-Blodgett) and FIGURE 1. Molecular structure of
vesicle fusion methods, resemble natural cell membranes, and the  pppc phospholipids and schematic
information obtained are known to be biologically reliable. We have  bilayer membrane.
found that even a drop of an organic solution of phospholipid
molecules onto a gold substrate can form a highly oriented multi lipid-bilayers. In this study, we prepared
multi lipid-bilayer membranes by spin-casting method of lipid solutions, aiming to create more uniformly
oriented bilayers and to evaluate the state of the bilayers.

DPPC shown in Figure 1 was used as the phospholipid and dissolved in chloroform to make a lipid
solution. The solution was dropped onto Au substrates and dried under a nitrogen stream to create a multi
lipid-bilayer membranes. The spin-casting method was also used to create a more uniform bilayer films on
the substrates.

The prepared lipid films were characterized by NEXAFS (near edge X-ray absorption fine structure)
measurements at HISOR BL13 and AFM (atomic force microscopy) measurements at the laboratory.
NEXAFS spectra were obtained by irradiating soft X-rays in the carbon K-edge region, and the emitted
electrons were detected as drain current. The polarization angle dependence of the NEXAFS spectra was
measured by changing the incidence angle of horizontally polarized X-rays on the sample surface, and the
orientation angle of the organized lipid molecules was thereby determined to evaluate the differences in the
multilayer films due to the different preparation methods.

In this study, soft X-ray absorption spectroscopy measurements were performed at different incident
angles of soft X-rays to investigate the orientation angles of lipid films prepared by drop and spin-casting
methods. Figure 2 shows NEXAFS spectra in the C K-edge region measured at different sample positions
for lipid films prepared by drop and the spectrum for the lipid film prepared by spin-casting. The obtained
NEXAFS spectra show characteristic resonant excitation peaks at specific energies and different spectral
shapes with respect to the incident angle of soft X-ray. In other words, both lipid membranes are highly
oriented, despite being multilayered.
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Each spectrum can be fitted with a Gaussian function to extract each resonant excitation component.
From the area intensities of fitted functions, the orientation angle of the transition dipole moment at each
transition was determined. As a result, there is a clear difference between the orientation angles of the lipid
films prepared by the drop and spin-casting methods. This is thought to be due to the difference in the method
used to prepare the lipid films and the difference in the thickness of the films.

From the Rydberg and o*(C-C) transitions, the orientation angle of the hydrocarbon chains, which
determines the overall shape of the lipid molecules, can be derived specifically. In lipid films prepared by
the spin-casting method, the orientation angle is closer to 55 degrees, which is called the "magic angle",
than in films prepared by drop-casting. Based on previous studies [1], it is thought that the orientation
ordering is reduced in lipid films obtained by spin-casting due to the random structure of some of the
hydrocarbon chains. In addition, the NEXAFS spectra of the lipid films obtained by spin-casting are different
from those obtained by the drop-casting method in their detailed shape, and are in good agreement with the
spectral shape of the single bilayer films in the previous study [1]. These results suggest that the spin-casted
lipid films are sufficiently thin to be considered single bilayer films, unlike the drop method, and that the
degree of freedom of the molecules constituting the films is increased in this ultra-thin state.
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Charge transfer between molecules and metal surfaces
is a crucial process with implications for molecular
electronics, energy storage, and catalysis. Particularly in
nanoparticle films deposited on substrates, where organic
molecules coat gold nanoparticles (AuNPs), charge
transfer between m-conjugated molecules and metal plays
a pivotal role in determining the photoelectric conversion
efficiency of dye-sensitized solar cells. In this study, we
focused on oligophenyl molecules, which have different
molecular lengths, and directly measured the charge
transfer time using soft X-rays (Figure 1 (a)—(c)) [1].
Subsequently, we elucidated the electronic properties of
the nanoparticle films by comparing the charge transfer
dynamics from molecules to flat metal surfaces.

Monophenyl and  biphenyl self-assembled
monolayers (MP and MBP SAMs, Figure 1 (a), (b)) were
prepared on two different metal surfaces. The first SAMs
were formed on two-dimensional flat gold substrates (2D
SAMs, Figure 1 (d)). The second SAMs were formed on
three-dimensional AuNPs, which were drop-cast onto the
substrates (3D SAMs, Figure 1 (e)). AuNPs were
synthesized by pulsed laser ablation in liquid. The size of
the AuNPs was determined to be 7 nm from the surface
plasmon resonant peak wavelength, as shown in Figure
2, based on the analytical equation.

Near-edge X-ray absorption fine structure (NEXAFS)
spectra and X-ray photoelectron spectra (XPS) were
collected at the HISOR BL-13. The XPS results for the
2D-MP and 3D-MBP SAMs are presented in Figure 3.
An important observation from XPS is the similarity in
chemical shifts, with no clear discrepancy in the energy
position between 2D and 3D SAMs. Any slight variations
were attributed to the inhomogeneity of the NP surfaces;
nevertheless, the electronic structures of the 2D and 3D
SAM remained identical. Figure 4 shows the C and O K-
edge NEXAFS spectra. The dominant peaks included
n*(C=C) at ~285 eV for the C K-edge and n*(C=0) at
532.0 eV for the O K-edge. Polarization angular
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dependence was observed in 2D-MP, and the subsequent
fitting analysis suggested that the molecules adsorbed in
an upright orientation to the surfaces [2]. In contrast, this
phenomenon was not observed in 3D SAMs, likely due
to the averaging of the transition dipole moment of
molecules on spherical particles. The energy level of the
w*(C=0) peaks exceeded the binding energy of the C=0
peaks at 531.7 eV in the O 1s XPS spectra, indicating
that it was suitable for subsequent resonant Auger
electron spectroscopy experiments.

We conducted time-of-flight mass spectrometry
(TOF-MS) at Photon Factory BL-2B and utilized the
data obtained to construct near-edge X-ray absorption
mass spectra (NEXAMS), as shown in Figure 5. The
total ion yield (TTY) and partial ion yield (PIY) spectra
for both 2D and 3D SAMs exhibited a primary peaks
corresponding to o*(O—-CHs3) at 288.9 eV. This
observation indicates that 3D SAMs form monolayers
similar to those formed by 2D SAMs. The presence of a
single sharp peak at 288.9 eV for CH," (n = 0-3) ions
suggests site-selective desorption of CH,* ions from the
methoxy group of SAMs [3].

Resonant Auger electron spectra (RAES) were
measured at HiSOR BL-13, and the charge transfer
times of the 2D and 3D SAMs were determined using
the core-hole-clock (CHC) approach. In Figure 6, RAES
at O 1s—7*(C=0) excitation is presented, with peaks
corresponding to spectator Auger decay processes
observed at ~486 eV and ~511 eV. The RAES at
w*(C=0) excitation was fitted with the RAES at post-
edge excitation and n*(C=0) excitation of 2D-aliphatic
SAMs, which exhibit insulation properties. Using the
fitting coefficient and core hole lifetime of O 1s, the
charge transfer time for each 2D and 3D SAMs were
determined. The charge transfer time of 3D SAMs
decreased with increasing chain length, similar to that of
2D SAMs. Furthermore, the charge transfer time
between the 2D and 3D SAMs remained unchanged.

Our results suggest that the spectroscopic and
electrical properties of 3D SAMs closely resemble those
of 2D SAMs. This similarity can be attributed to the fact
that the AuNPs synthesized in our study had a diameter
of ~7 nm, predominantly comprising {111} terraces on
their surfaces [4]. Notably, unique absorption features at
the corners and edges of the NPs were not observed in
the spectra. In essence, this study serves as a crucial link,
extending the applicability of insights into the charge
transfer times obtained from diverse molecules observed
in 2D to the context of 3D SAMs.
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FIGURE 4. (a) Polarization dependence spectra of C
K-edge NEXAFS spectra of 2D and 3D-MP. (b) O K-
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FIGURE 6. RAES of (a) MP and (b) MBP under
n*(C=0) excitation after Shirley background
subtraction (dotted lines). The reproduced spectra
(gray lines) were obtained by fitting with the normal
Auger spectra of each MP or MBP SAM (green lines)
and the spectator Auger spectra of 2D-aliphatic SAM
(light blue lines).
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Nanoscale charge transfer dynamics are crucial for fundamental physical chemistry and applications,
such as nanoelectronics and photovoltaics. For these applications, it is crucial to understand the correlation
between the molecular structure and charge transport properties. Although molecular conductance has been
extensively studied using single-molecule conductance measurements [ 1], a notable disparity exists between
these fundamental investigations of single-molecule junctions and their direct application in functional
devices. The use of self-assembled monolayers (SAMs) is a potential solution to bridge this gap given their
capacity to form functional devices, thus connecting the insights gained from fundamental studies to practical
applications.

TABLE 1. Molecular structures and torsion angles of the molecules in SAMs.
Name Structure Torsion angle / °©

(9}
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0/
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O_
o}
MmBP ”S 52
O_
o}
MdmBP HS Q O 90
O

In this study, we investigated ultrafast charge transfer through self-assembled monolayers of biphenyl
and fluorene molecules via resonant Auger electron spectroscopy (RAES) using the core-hole clock (CHC)
technique [2]. In this approach, molecules are resonantly core-excited with soft X-rays, and the subsequent
electron transfer is probed by monitoring Auger decay spectra. The thiolated derivatives of biphenyl and
fluorene used in this study are listed in Table 1. The addition of methyl groups induces torsion between the
two phenyl rings within the SAMs, resulting in a reduction in n-conjugation. MBP molecules are anticipated
to adopt an almost planar conformation [3], similar to that observed in bulk solids. Conversely, the methyl-
substituted thiolates (MmBP and MdmBP) are expected to exhibit twisted conformations owing to steric
hindrance from the methyl groups. Density functional theory (DFT) calculations of the relaxed molecular
geometries yielded torsion angles of 52° and 90° for MmBP and MdmBP molecules, respectively. These
molecules have a methyl ester (COOCH3) moiety as the tail group, which serves as the site resonantly excited

MFL
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with soft X-rays in the CHC experiments.

The methylester-terminated biphenyl and fluorene derivatives were custom-synthesized by and purchased
from Tokyo Chemical Industry Co., Ltd. (for MFL, MmBP, and MdmBP) and NARD Institute Ltd. (for
MBP). The SAMs were formed by immersing the Au substrates in 1 mM ethanol (for MBP, MmBP, and
MdmBP) and toluene (for MFL) solutions of the precursors at 30 °C for 24 h. After immersion, the SAM
samples were rinsed with solvent and dried under a flow of N, gas. The SAM samples were characterized
using near-edge X-ray fine structure (NEXAFS) and X-ray photoelectron spectroscopy (XPS). NEXAFS,
XPS, and RAES experiments were conducted at HISOR BL13. NEXAFS spectra were collected at the C and
O K-edges using the total electron yield mode. The XPS and RAES spectra were acquired at an X-ray
incidence angle of 45° in the normal emission geometry using Omicron EA125 electron energy analyzer.

The C K-edge NEXAFS spectra showed several peaks corresponding to C 1s— n* and C 1s— o~
excitations. The polarization dependence of the m* intensities indicated the orientational order of the
molecules within the SAMs. The S 2p XPS spectra of the target SAMs confirmed sulfur species chemisorbed
on Au. The NEXAFS and XPS spectra suggest the formation of ordered SAMs on the Au substrates.
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FIGURE 1. RAES spectra of MFL, MBP, MmBP, and MdmBP SAMs. The spectra were compared with the pure resonant
spectrum recorded using the MHDA SAM and the normal Auger spectrum of the MBP SAM.

The RAES spectra at the O 1s— ©*(C=0) excitation are shown in Fig. 1. The spectra were compared
with the pure resonant spectrum recorded with an MHDA (HS-(CH2)15-COOCH3) SAM consisting of a long
aliphatic chain, which was assumed to show no charge transfer contribution. The spectra for the MFL, MBP,
and MmBP SAMs showed an increase in intensity corresponding to normal Auger decay, which indicates
ultrafast charge transfer from the molecule to the Au substrate. For a quantitative analysis of the charge
transfer dynamics, the RAES spectra were fitted with linear combinations of the normal Auger spectrum and
the pure resonant Auger spectrum recorded with the MHDA SAM. The fitting analysis yielded charge
transfer times of 16, 16, ~47, and =50 fs for the MFL, MBP, MmBP, and MdmBP SAMs, respectively. The
CHC results demonstrate the conformational control of ultrafast charge transfer and suggest a negligible
influence of the methylene bridge on the charge transfer dynamics.
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