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The ThCr2Si2 structure is a classic quasi-2D tetragonal system with the crystal group of I4/mmm. Early 
research work mainly focused on exploitation of new compounds and their magnetic properties [1-7]. So far, 
more than a thousand materials with the ThCr2Si2 structure have been discovered. The richness of materials 
has provided a fertile platform for the research of novel physics. Prominent examples include CeCu2Si2, the 
rst unconventional superconductor, URu2Si2, the famous hidden-order superconductor, and YbRh2Si2, a 
prototypical material to explore quantum criticality [7]. And of course, the most famous ones are AFe2As2 
(A = Ca, Sr or Ba), parent compounds of the “122”-family of iron-based high-TC superconductors [8-10]. 
The ground states of the AFe2As2 compounds exhibit antiferromagnetic (AFM) spin density wave (SDW), 
which has attracted enormous attention for its intimate connection with superconductivity (SC). Therefore, 
the investigation of how the band structure and Fermi surface topology are related to the magnetic ordering 
and even SC has aroused great interest [8-14]. In this report, we focused on the analogical CoP-based 
ThCr2Si2 structural compounds, ACo2P2 (A = Ca, Sr, La, Ce, Pr, Nd, Eu). Different from the iron pnictides 
that host similar AFM ground state magnetic order, ACo2P2 exhibit rich magnetic structures at low 
temperatures, which are highly dependent on the A-site cation. As shown in Fig. 1(a), SrCo2P2 does not have 
long range magnetic order, for EuCo2P2, only Eu atoms carry magnetic moment in a complicated 
incommensurate SDW form, whereas magnetic orders due to cobalt moments was observed in CaCo2P2, 
CeCo2P2, LaCo2P2, PrCo2P2 and NdCo2P2 [2-6]. The diversity of the magnetic structure implies that the CoP 
based ACo2P2 compounds are a good platform for studying the intimate connection between the magnetic 
structure and the Fermi surface topology. Therefore, we plan to carry out systematic Fermi surface topology 
studies on the ACo2P2 systems. 

 
FIGURE 1. Magnetic structures of ACo2P2. The cobalt atoms (red circles) with their ordered magnetic moments are shown 
together with the A atoms (grey circles), which are in the positions (0 0 0) and (1/2 1/2 1/2) of the unit cell. [6] 
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We employed the high resolution angle resolved photoemission spectroscopy (ARPES) setup at BL-01 
of HiSOR to investigate the electronic band structure of CaCo2P2. Like most compounds with ThCr2Si2 
structure, CaCo2P2 single crystals can be easily cleaved along the [00l] direction. All the samples are cleaved 
and measured in-suit at 20 K, which is below the Neel temperature of 100 K. Through a kz map with photon 
energies from 100 to 200 eV, we were able to determine the inner potential to be 13 eV. After that, we set the 
photon energy to 128 eV (kz 18 π/c) to conduct the high-quality Fermi surface maps and band structure 
measurements along high symmetry directions. As shown in Fig. 2(a)-(d), the bands show rectangle 
symmetry, consistent with the symmetry of the (00l) surface of the CaCo2P2. As shown in the four k-E cuts 
provided in Fig. 2(e)-(h), a Dirac-like band is observed at the Z point. Further analysis requires support from 
first principles calculations.  

In summary, we have systematically measured the electronic band structure of CaCo2P2 in the AFM state. 
In the future, we plan to conduct detailed, temperature-dependent measurements of ACo2P2 systems with 
other A site cations.  
 

 
FIGURE 2. ARPES results of CaCo2P2. (a)–(d) the ARPES constant-energy contour at EB = 0, 0.55, 0.9 and 1.3 eV with h  
= 128 eV. (e)-(h) E- k cuts at positions marked by dash lines on (b). 
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The origin of the high-Tc superconductivity has been extensively studied so far, but the bosonic interaction 
to form electron pairs is still elusive. There are three degrees of freedom in the solid; orbital, charge, and 
spin [1]. According to the previous experimental reports [2-8], the promising candidates of the bosonic 
interactions are phonons and magnons. On the other hand, the role of the charge fluctuation in the high-Tc 
superconductivity is not well understood.  

Recently, inelastic X-ray scattering experiments reported that charge excitations for both hole- and electron-
doped cuprate high-Tc superconductors [9-11], and therefore, the effect of the charge fluctuation to the high-
Tc superconductivity has attracted interest. According to the theoretical study [12], using the layered t-J 
model, the electron self-energy is calculated and discussed about the effect of charge fluctuation in the 
spectral function.  

We have performed an ARPES and inverse photoemission spectroscopy (IPES) to observe the electronic 
structure in the occupied and unoccupied states, respectively, on Nd1-xCaxCuO4 (x = 0.15) as shown in Fig. 
1. We find that a strong peak structure exists in the energy region between 5 and 9 eV above the Fermi level 
(EF). In the poster presentation, we will show the details about the experimental data and discuss the effect 
from the charge fluctuation.  

 
 

 

 
 

FIGURE 1. Experimental data observed by ARPES and IPES. Energy-distribution curves observed by IPES in the 
direction of (0, 0)-( , ) is shown on the left side. On the right side, IPES spectra without the second derivative (above EF) 
and the second-derivative intensity plot observed by ARPES (below EF) is shown.  
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FIGURE 1: Overview of 2D Weyl fermions and monolayer PtTe1.75.
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FIGURE 3: ARPES measurement of the band dispersion.
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Magnetic topological quantum materials have attracted widespread attention due to their enormous 
potential in emerging topological quantum phenomena, such as the quantum anomalous Hall effect (QAHE) 
[1, 2] and quantum axion electrodynamics [3]. Among these materials, MnBi2Te4 stands out as the first 
intrinsic antiferromagnetic topological insulator (AFM TI) [4-6]. Remarkably, QAHE has been observed in 
five septuple layer (SL) MnBi2Te4 devices [7]. Antiferromagnetic exchange interaction between adjacent 
MnBi2Te4 layers limits QAHE to odd-layer thin films. For even-layer films, achieving quantum Hall plateau
requires tuning the magnetism to a ferromagnetic (FM) state via an external magnetic field.

To improve the conditions for observing QAHE, researchers have explored the possibility of regulating 
the magnetic interaction in MnBi2Te4 through doping. Specifically, substituting Bi with Sb in MnBi2Te4 can 
effectively modulate the magnetic exchange interaction between layers. Our previous experiments on
Mn(SbxBi1-x)2Te4 at HiSOR demonstrated that Sb doping not only shifts the Fermi level but also opens a gap 
in the topological surface state. In the (MnBi2Te4)(Bi2Te3)n (n = 0, 1, 2, ...) family of magnetic topological 
materials, MnBi4Te7 (n = 1) also exhibits an AFM-TI ground state. Compared to MnBi2Te4 (n = 0), MnBi4Te7
features a significantly reduced saturation magnetic field (Hsf), dropping from 3.6 T [8] to about 0.22 T [9]. 
This reduction suggests that the evolution of surface states similar to those observed in Mn(SbxBi1-x)2Te4
might be detectable when examining Mn(SbxBi1-x)4Te7 with specific doping ratios. The low saturation field 
and the superlattice structure of MnBi4Te7 make it an ideal candidate for investigating a range of emergent 
phenomena.

FIGURE 1. Single crystal photo of Mn(SbxBi1-x)4Te7 and associated XRD results. (a) A Mn(Sb0.05Bi0.95)4Te7 single crystal
against a millimeter grid. (b) XRD results of MnBi4Te7 and Mn(Sb0.05Bi0.95)4Te7, insets show the detailed peaks of undoped
and doped samples for comparison. After doping 5% Sb, the 2θ of (0012) and (0017) change to high values, demonstrating
the successful doping.
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To explore these possibilities, we grew single crystals of Mn(Sb0.05Bi0.95)4Te7 and characterized them 
using X-ray diffraction (see Figure 1). We intended to use laser-based angle-resolved photoelectron 
spectroscopy (ARPES) to measure the electronic band structure. Unfortunately, the doping process 
compromised the crystal quality, leading to insufficiently flat surfaces during cleavage and unclear band 
structures. As a result, we were unable to confirm the presence of an energy gap in the topological surface 
states of the Sb-doped MnBi4Te7 material. Figure 2 presents the band structure of Mn(Sb0.05Bi0.95)4Te7
samples from two different terminations.

In the future, to effectively investigate the topological surface state gap in Mn(SbxBi1-x)4Te7, we will
optimize our crystal growth techniques to enhance the quality of Mn(SbxBi1-x)4Te7 single crystals. Building 
on the observed immutability of the Fermi level in the Mn(Sb0.05Bi0.95)4Te7 sample, it is essential to 
synthesize additional samples with higher doping concentrations, such as x = 0.1, 0.2, 0.3 and so on. After 
the synthesis, we plan to apply for additional beam time to measure these higher doped samples.

REFERENCES

1. R. Yu et al., Science 329, 61 (2010).
2. C.-Z. Chang et al., Science 340, 167 (2013).
3. Xiao et al., Phys. Rev. Lett. 120, 056801 (2018).
4. M. M. Otrokov et al., Nature 576, 416 (2019).
5. Z. S. Aliev et al., J. Alloys Compd. 789, 443 (2019). 
6. M. M. Otrokov et al., Phys. Rev. Lett. 122, 107202 (2019).
7. Y. Deng et al., Science 367, 895 (2020).
8. Y.-J. Hao et al., Phys. Rev. X. 9, 041038 (2019).
9. C. Hu et al., Nat. Commun. 11, 97 (2020).

FIGURE 2. ARPES-measured surface states with two different terminations of Mn(Sb0.05Bi0.95)4Te7. (a) The septuple layer
(MnBi2Te4) termination. (b) The quintuple layer (Bi2Te3) termination.
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The interplay between magnetism and topology give rise to various exotic quantum phenomena such as 
axion [1-3] and Chern insulating states [4-6], Majorana zero modes [7], and Weyl semi-metallic phase [8-
10]. Recently, intrinsic magnetic topological insulator (MTI) has attracted considerable attention due to its 
great potential in generating high-temperature quantum anomalous Hall effect (QAHE). MnBi2Te4 is the first 
intrinsic antiferromagnetic TI [11-13] and has been found to host a variety of exotic quantum states, such as 
QAHE or axion insulator behavior [14-17]. However, these kind of quantum phenomena are only realized 
when its crystal thickness is reduced to a few layers, and the theoretically proposed high-temperature QAHE 
have not yet been observed in bulk samples, indicating that unresolved issues remain in this system.  

When using low photon energy ARPES to probe the surface states of MnBi2Te4, researchers found that 
the surface states are either gapless [18-20] or have a gap smaller than 15 meV [21], rather than the 88 meV 
predicted by calculation [15]. This may be the reason for the realization of QAHE at a relatively low 
temperature in this system. The temperature for the realization of QAHE depends on the size of the Dirac 
gap [22]. If the gap size can be increased and the Fermi level can be tuned into the bandgap without 
destroying the topological nature of the surface states, then the QAHE temperature will be significantly 
improved. 

Antimony serves as a convenient dopant in Bi-based topological materials. Recent research found that a 
relatively small concentration of Sb dopants in MnBi2Te4 was not only able to raise the gap size up to more 
than 100 meV, but also shift down the Fermi level, providing a potential platform to observe the high-
temperature QAHE [23,24]. However, the underlying mechanism of this anomalous gap is still unclear. 
Thoroughly measuring the spin texture of the Sb-doped samples by the spin-resolved ARPES may be one of 
the direct ways to examine whether the nontrivial band topology is preserved in the doped samples [25]. Due 
to the scarcity of spin-resolved ARPES instruments and insufficient measuring time, we use circular 
dichroism (CD) ARPES as a measurement technique to indirectly reflect the spin texture of Mn(Bi1-xSbx)2Te4. 
The CD value in APRES is defined as the difference between the spectrum measured using left circularly 
polarized light and the one measured using right circularly polarized light, normalized by the sum of the two 
spectra. CD is sensitive to spins as well as orbital angular momenta [26]. So, researchers usually treat CD-
ARPES as a substitute for spin-resolved ARPES.  

In this report, we employed laser ARPES at HiSOR to measure Mn(Bi1-xSbx)2Te4 samples with different 
doping ratio. Our data reveals a Rashba-like CD pattern. First, we perform Fermi mappings and align the Γ� 
point, then we change the azimuthal angle and make the exit slit parallel to the Γ�-��  direction. The CD-
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ARPES results are shown in Fig. 1. For the surface state, the CD patterns at the conduction band minimum
and valence band maximum are antisymmetric and does not change with the doping ratio. This behavior is 
as same as the undoped sample [27], indicating the residual ferromagnetic state at the surface [25]. For the 
bulk bands, the CD pattern is consistent with the helical spin texture, but at � = 0.15, the sign of the pattern 
is reverse compared to the other two doping concentrations. This could be due to the weak band intensity in 
the region where the color inversion occurs, which is comparable to the background intensity. The 
background signal is usually unpatterned. 

In the future, we need to measure samples with other doping levels and conduct CD-mapping 
measurements at some of the samples. This will allow us to more intuitively check the impact of Sb-doping 
on the spin texture of these magnetic topological insulator system. Additionally, if conditions permit, we will 
carry out detailed measurements by spin-resolved ARPES and compare the results with the CD pattern 
shown in this report.

Figure 1. The normal and CD k-E cuts parallel to Г� ��� of Mn(Bi1-xSbx)2Te4 (x = 0.075, 0.1, 0.15) at 10 K. 
Clear Rashba-like CD pattern had been observed.
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Intrinsic magnetic topological insulators (MTIs), exemplified by MnBi2Te4, are expected to realize exotic 
topological quantum phenomena, such as high-temperature quantum anomalous Hall effect (QAHE) and the 
axion insulator state [1-4]. The realization of QAHE and the axion insulator state requires that the Fermi 
level be located in the gap of their topological surface states (TSS) [1,2]. Extensive efforts have been made 
in this field, but there is still a lack of ideal MTI candidates whose energy gap in the TSS is large and at the 
Fermi energy [5-7]. For the Mn-Bi-Te series, spectroscopic experiments revealed that such a surface gap is 
much smaller than previously thought. The highly electron-doped nature of the MnBi2Te4 crystals further 
obstructs the exhibition of the surface band gap in transport measurements. 

Recently, researchers have found that the Fermi level of Mn(SbyBi1-y)2Te4 can be tuned from the 
conduction bands to the valence bands by adjusting the Sb-Bi atomic ratio y [8,9]. Angle resolved 
photoemission spectroscopy (ARPES) measurement on Sb-doped MnBi2Te4 revealed a sizable TSS gap, 
which enlarges along with increasing Sb concentration, enabling simultaneous tunability of the Fermi level 
and the TSS gap size (up to >100 meV). On the other hand, previous transport studies found an n-p transition 
in SnxPb1-xBi2Te4 with increasing Sn concentration [10], therefore Sn doping may also represent another 
route to manipulate the carrier concentration of the Mn-Bi-Te system.  

To our best knowledge, no ARPES measurements on SnxMn1-xBi2Te4 have been reported. In this report, 
we employed laser ARPES at HiSOR to measure SnxMn1-xBi2Te4 samples with different doping ratio. We 
first performed Fermi surface mappings and aligned the Γ point, followed by detailed k-E cuts through the 
surface zone center Г�. As shown in Fig. 1, comparing the Dirac point positions between the pure and Sn-
doped samples, we observed that Sn doping acts as hole doping. After doping Sn with x = 0.1 and 0.2, the 
Dirac point have been lifted up for about 40 meV and 53 meV respectively, as compared to the undoped 
sample, while the gapless Dirac cone remains intact. It is thus expected that on samples with a specific 
doping concentration, a charge neutral point could be reached, at which the gapless Dirac point located right 
at Fermi level.  

In the future, we anticipate that a magnetic topological system with controllable TSS gap size and a fixed, 
in-gap Fermi level may be realized in the Sn and Sb co-doped system, SnxMn1-x(SbyBi1-y)2Te4. Such a system 
may serve as an ideal platform for the exploration of high-T QAHE as well as its evolution towards the 
topologically trivial regime. 
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FIGURE 1. The k-E cuts at the surface Г� of SnxMn1-xBi2Te4 (x = 0, 0.1, 0.2) at 10 K. The lifting of Dirac 
point can be observed clearly. 
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FIGURE 1. Overview of the spin-polarized electronic states with an out-of-plane (z) spin component in bulk FeSe. (a)

(b)
(c)

(d)
(e)

(f)

(e)
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We present an overview of our resent research and educational activities on beamline 5 (BL5) in the fiscal 
year 2023. Our beamline has two experimental stations in a tandem way. The first station is equipped with 
an angle-resolved photoemission spectrometer (ARPES), a low energy electron diffraction (LEED) 
apparatus and an X-ray source. The hemispherical analyzer of ARPES spectrometer (HA54, VSW) has a 
mean radius of 50 mm and is mounted on a twin axis goniometer in ultra-high vacuum chamber. Using this 
goniometer, one can perform ARPES and photoelectron diffraction (PED) measurements. It is also possible 
to perform resonant photoemission spectroscopy (RPES) measurements by using photon energy tunability 
of synchrotron radiation with X-ray absorption spectroscopy (XAS) measurement. With the X-ray source 
(XR2E2, FISONS), we can perform an X-ray photoelectron spectroscopy (XPS) measurement for the 
chemical state analysis and the PED. At the second station, we have installed a photoelectron emission 
microscope (PEEM, ‘PEEM III’, Elmitec). PEEM provides a magnified image of lateral intensity 
distribution of photo-emitted electrons from a sample surface. The spatial resolutions are several ten 
nanometers with Hg lamp and a few micrometers with synchrotron radiation. The sample is transferred 
between the ARPES and the PEEM chamber in-situ, and one can perform measurements at both stations for 
the same sample.  

In the recent researches on BL-5, we have studied the electronic structure of potassium doped aromatic 
molecule (Kx picene) [1], iron-based superconductor (FeSexTe1-x) [2], transition metal di-oxide films such as 
VO2 thin films which exhibits a first-order metal-to-insulator transition at 340 K [3], CrO2 thin films which 
are known as a half-metallic material [4], TaO2 film which is stabilized with a new technique developed in 
our group [5], and phase-separated TiO2-VO2 films on mica substrates. We have also studied the electronic 
structures of a high-quality boron-doped diamond film which shows a signature of the highest 
superconducting transition temperature of 25 K [6] and a high quality single crystal of YbFe2O4 which is 
one of multiferroic materials [7], by utilizing RPES at B K- and Fe M2,3- edges, respectively. In addition, we 
have studied the sp3 content in diamond-like carbon films by using photoemission spectroscopy in order to 
optimize the conditions to produce Q-carbon (quenched carbon) which is a newly discovered amorphous 
phase of carbon with several exotic properties [8]. In the last few years, we have performed PEEM and TEY 
measurements at BL5 in HiSOR for (1) a B-doped carbon nano wall film on a Si substrate, (2) a micro-droplet of 
solidified L-boronophenylalanine (L-BPA) on a Si substrate and (3) cancer cells dosed with L-BPA in order to 
investigate microscopic chemical states of trace B atoms in them from fine structures in local- and wide-area-
XAS spectra near B K-edge and to visualize B distributions on their surfaces. For this kind of measurements 
with PEEM, we have developed a new auto-measurement system where we can obtain a serial PEEM images 
with excitation x-ray energies for a certain energy range with a fixed energy step. 

Recently, we have prepared an auto-measurement system and an X-ray focusing capillary lens for 
photoemission holography (PEH) measurements. PEH is a method that has been greatly developed in Japan 
in recent years as a measurement method for elucidating the local structure of materials with an atomic 
resolution [9]. In particular, various results have been reported in the study of the three-dimensional atomic 
configurational structure around the dopants in crystals [10]. However, the opportunity to use state-of-the-
art apparatuses (for example, DA30 analyzer and RFA of BL25SU at SPring-8) are limited. Although our 
photoelectron energy analyzer is an old model and it is difficult to separate and observe small shifts in core 
levels because of the energy resolution of 1-2 eV of the system, we expect that our apparatus will be used 
for preliminary experiments on undoped materials prior to experiments for doped samples using state-of-
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the-art systems. It can also be used for educational purposes such as experiencing photoelectron holography 
experiments and learning the analysis methods. 

We have used the BL-5 for education activity as well, for example, practical education for undergraduate 
students of Okayama University. The students have an opportunity to study the synchrotron radiation 
mechanism and to experience XPS measurement which is very useful for the surface science research. We 
accepted more than 100 students from 2006 to 2012. From 2014, we have started to join the practical lecture 
for experiments using the beamline end stations in HiSOR for both graduate school students of Hiroshima 
and Okayama Universities. In 2018, we have had a new project for education under a Japan-Asia youth 
exchange program in science supported by Japan Science and Technology Agency (JST), “Sakura Exchange 
Program in Science”. We have accepted six students from Changchun University of Science and Technology 
in China. 
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With the increasing demand for renewable energy, organic photovoltaics have attracted much 
attention due to the low cost, lightweight and flexibility in recent years. Polymer solar cells based on bulk 
heterojunction (BHJ) consisting of interpenetrating networks of conjugated polymers as electron donors 
and fullerene derivatives as electron acceptors, are being developed for their potential application [1]. They 
provide a large interfacial area where efficient exciton dissociation can occur. The morphology of BHJ 
plays an important role in obtaining high efficiency organic photovoltaic devices.  The order and 
orientation of the polymer backbone in the bulk heterojunction can influence device properties, such as the 
exciton diffusion, and charge carrier transport.  

In this study, the molecular orientation of polymer/fullerene blend film was examined by near edge 
X-ray absorption fine structure (NEXAFS) spectroscopy.  Poly-{bi(dodecyl)thiophene- 
thieno[3,4-c]pyrrole-4,6-dione} (PBTTPD) was used as electron donor, and (6,6)-phenyl-C61-butyric acid 
methyl ester (PCBM) is used as electron acceptor. Figure 1 show the molecular structures of PBTTPD and 
PCBM. The blend of poly-3-hexylthiophene (P3HT) and PCBM has been used as a model system in BHJ 
solar cells. Compared with P3HT, PBTTPD is co-polymer which has donor and acceptor in the main chain 
and the higher power conversion efficiency of PBTTPD blend film is reported [2].   

Samples for NEXAFS measurement were spin-coated on the gold coated silicon substrate from each 
solution. Pure PBTTPD PCBM, and blend of PBTTPD:PCBM (1:1.5 by weight) were dissolved in 
chloroform. NEXAFS measurements were performed at BL6 of Hiroshima Synchrotron Radiation Center. 
   Oxygen K-edge NEXAFS spectra were measured for PBTTPD, PCBM and PBTTPD: PCBM blend 
films. Figure 2 shows the NEXAFS spectra of blend films. Red line shows spectrum of normal incidence 
and black line shows that of grazing incidence. First strong peak come from *C=O resonant excitations of 
both PBTTPD and PCBM. NEXAFS spectrum of blend film was well reproduced by the superposition of 
PBTTPD and PCBM. From the angular dependence of *C=O excitation, orientation angle of each 
molecule was obtained. Both PBTTPD of pure and blend films show “edge-on” orientation, which has 
the plane of polymer backbone perpendicular to the substrate.  The effect of the coexistence of PCBM is 
considered small for polymer orientation which is important for charge transport process.   

 
 

(a)                               (b)                
   
 
 
 
 
 
 
 
 
 

FIGURE 1.  Molecular structures of (a) PBTTPD and (b) PCBM.  
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FIGURE 2. Oxygen K-edge NEXAFS spectra of PBTTPD:PCBM blend film measured at different incidence angle.  
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