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Dirac Magnons in Honeycomb-Lattice 
NiTiO3 

Masuda Group 

Since the discovery of topological insulators, the concept 
of topology has become widely recognized as an important 
aspect of condensed‑matter physics. These materials host 
massless Dirac fermions on their edges or surfaces, giving 
rise to phenomena such as the quantum Hall effect. Re-
cently, potential applications for highly efficient spintronic 
devices that exploit spin currents along these edges or sur-
faces have attracted significant attention. Moreover, the 
notion of topology has been extended from fermionic to 
magnonic systems, as evidenced by phenomena such as the 
thermal Hall effect.  

Inelastic neutron scattering (INS) experiments have con-
firmed the existence of topological magnons in several ma-
terials. For example, in layered honeycomb-lattice ferro-
magnet CrI3 [1] and three-dimensional ferromagnet 
Mn5Ge3 [2], bulk magnon dispersions exhibit gaps at the K 
point, and theoretical calculations predict the presence of 
edge states—Dirac magnons—within these gaps. Dirac 
magnons have also been observed in the three‑dimensional 
antiferromagnet Cu3TeO6 [3] and in the ilmenite-type anti-
ferromagnet CoTiO3 [4], where linear band crossings at the 
K point create Dirac cones for both bulk and edge modes. 
These findings underscore the rapid expansion of topolog-
ical motifs in magnonic systems that mirror those long ex-
plored in electronic counterparts.  

In this study, we investigate NiTiO3 [5], which has the 
same crystal structure and magnetic ordering as CoTiO3. 
Magnetic-susceptibility measurements reveal that NiTiO3 
exhibits stronger interlayer interactions, whereas CoTiO3 
is dominated by intralayer coupling. To determine the spin 
Hamiltonian and examine the presence of Dirac magnons 
in NiTiO3, we conducted single-crystal INS experiments. 

Measurements were performed using the multiplex spec-
trometer HODACA at JRR-3 and the triple-axis spectrom-
eter CTAX at ORNL/HFIR [6]. Figure 1(a) shows the INS 
spectrum measured by HODACA along the (0, 0, l) direc-
tion, revealing spin-wave excitations with a band energy of 
3.7 meV. Using linear spin-wave theory (LSWT), experi-
mental data were accurately reproduced (Fig. 1(b)) by a 
model incorporating exchange interactions and easy-plane 
anisotropy. This model confirmed NiTiO3 as a three‑di-
mensional magnet in which interlayer coupling outweighs 
intralayer coupling. Moreover, whereas nearest‑neighbor 
interactions suffice to describe CoTiO3, modeling NiTiO3 
demands exchange paths extending to third‑nearest neigh-
bors within the ab plane. 

Figure 1(c) shows the INS spectra measured by CTAX 
along the high‑symmetry path Γ1-M-K-Γ2. Near the K 
point, considering the instrumental energy resolution, the 
spectra were fitted by single Gaussian at the K point and 

two Gaussians near the K point. The dispersion relations 
calculated using the best fit parameters, shown in Fig. 1(d), 
reveal two modes that intersect linearly at the K point, con-
firming the formation of Dirac cones in NiTiO₃, just as in 
CoTiO₃. Previous work [4] argued that Dirac magnons re-
main stable against anisotropy and further-neighbor inter-
actions. Our study experimentally demonstrates that Dirac 
magnons persist even with significant interlayer coupling 
and second- and third-neighbor interactions within the 
honeycomb layer. 

Fig. 1. (a, b) (a) INS spectra along the (0, 0, l) direction 
measured by HODACA, and (b) calculated INS spectra us-
ing linear spin-wave theory. (c) Pseudocolor plot of INS 
spectra measured by CTAX along the reciprocal lattice 
points Γ1-M-K-Γ2. White lines represent dispersion rela-
tions calculated using LSWT, yellow dots indicate peak 
positions obtained by Gaussian fitting, and error bars cor-
respond to the full width at half maximum (FWHM) from 
the Gaussian fitting. (d) Enlarged view of the calculated 
dispersion relations near the K point. 
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A New Inelastic Neutron Spectrometer 
HODACA 

 
Masuda Group 

 
Neutron scattering is an indispensable experimental tech-
nique in a wide range of fields including physics, chemistry, 
and engineering. In 1949, Nobel Laureate C.G. Shull 
demonstrated its usefulness by elucidating the magnetic 
structure of the antiferromagnet MnO using neutron scat-
tering [1]. Particularly, inelastic neutron scattering (INS) 
has proven to be a powerful tool for observing collective 
excitations of atoms and spins in condensed matter. These 
collective modes are characterized by a wavevector Q and 
energy E, thus measuring them allows for the determina-
tion of the system’s Hamiltonian. The dynamics of crystals 
[2], magnetic materials [3], and other systems have been 
actively studied using this technique. 
 
The neutron triple-axis spectrometer (TAS) has been 
widely used in both inelastic and elastic scattering experi-
ments since its development in the 1950s, establishing its 
position as a versatile and important spectrometer [4]. By 
using a single analyzer and detector along with a focused 
neutron beam, TAS allows for high signal-to-noise (S/N) 
ratio measurements at specific Q-E points. On the other 
hand, chopper spectrometers employ an array of detectors 
surrounding the sample, combined with time-of-flight en-
ergy analysis, enabling efficient measurements across a 
wide Q-E space. Recently, there has been a global trend in 
the design, construction, and operation of multiplex-type 
spectrometers, which combine high S/N measurements 
with efficient Q-E space coverage [5]. In this study, we 
constructed a multiplex spectrometer called HODACA 
(HOrizontally Defocusing Analyzer Concurrent data Ac-
quisition) based on the inverse Rowland inelastic spec-
trometer (IRIS) concept proposed by Harriger and 
Zaliznyak [6]. The instrument was installed at the C11 
beam port of the research reactor JRR-3 [7]. 
 
As shown in Fig. 1, the HODACA spectrometer employs 
an array of analyzers arranged on a Rowland circle to re-
focus scattered neutrons. Due to the inscribed angle theo-
rem, the reflection angles of all analyzers remain constant, 
and the trajectories of the neutrons form a pattern as if they 
are diffused from a sample image. Neutrons are then de-
tected by an array of detectors positioned on a circle cen-
tered on the sample image. The use of radial collimators 
before and after the analyzers is expected to effectively re-
duce background noise. This spectrometer enables effi-
cient and high-S/N measurements across a wide Q-space 
at constant energy. As a result, HODACA became a spec-
trometer capable of measuring spectra from −1 meV to 7 
meV by fixing the scattered neutron energy Ef at 3.635 
meV. It consists of 24 analyzers and 24 detectors spaced at 
2◦ intervals, covering a scattering angle A2 of 46◦. Each 
analyzer is composed of 3 to 7 PG crystals mounted in a 
vertically focusing configuration. The vertical size of each 
analyzer (number of PG crystals) is determined to ensure 

that the solid angles spanned by the analyzer viewed from 
the sample position are the same. Radial collimators with 
divergence angle of 2° are installed between the sample-
analyzer and analyzer-detector to minimize cross-talk of 
scattered neutrons from neighboring analyzers. 
 
For the standard sample to measure INS spectra, we se-
lected the frustrated magnetic compound CsFeCl3. Its dis-
persion relation at ambient pressure is well described by 
the Extended Spin Wave Theory (ESWT) [8]. The INS 
spectrum measured by the HODACA spectrometer is 
shown in Fig. 1(b), where Q = (1/3, 1/3, l) direction. The 
white lines in the figure represent the dispersion curves cal-
culated using ESWT parameters from previous studies. 
The experimental results are well reproduced by the calcu-
lations using the previously reported parameters. An ideal 
spectrometer for measuring dynamics in the energy range 
of cold neutrons is now ready for users. 
 

 
 
Fig. 1. (a) Representative figure of HODACA spectrometer. 
Green lines indicate the neutron paths. (b) False color plots 
for the (1/3, 1/3, l) direction. The integration ranges are 
(1/3 ± 0.05, 1/3 ± 0.05, l). The white curves represent the 
dispersion curves obtained from ESWT.  
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Experimental Verification of a New Magnetic 
Concept—Observation of Altermagnetic Ma-
terials via Neutron Scattering Experiments— 

 
Masuda Group 

 
Background of the Research: Magnetic materials have tra-
ditionally been classified into two categories based on their 
microscopic spin structure: ferromagnetic materials, where 
spins align parallel, and antiferromagnetic materials, 
where spins align antiparallel. Recently, a third type of 
magnetic material, known as "altermagnetic materials," 
has been proposed [1]. This new classification is based on 
the symmetry of not only the spins but also the surrounding 
crystal structure. In antiferromagnetic materials, the crystal 
structure around adjacent spins is identical. However, in 
altermagnetic materials the crystal structures around up-
spins and down-spin do not overlap without a 90-degree 
rotation. Thus, these materials are classified as altermag-
netic when the spins are arranged antiparallel with distinct 
crystal symmetries. 
 
The altermagnetic materials predicted the existence of chi-
ral magnons, which are quasiparticles that can carry spin 
current [2]. While the chiral magnons in ferromagnetic ma-
terials have been studied, their application in spintronics 
devices is limited due to low-frequency (GHz) operation 
and undesirable stray magnetic fields due to non-zero mag-
netization. On the other hand, antiferromagnetic materials 
promise high-frequency (THz) operation, but their mag-
nons' chirality cancels out, preventing spin current. Alter-
magnetic materials combine the advantages of both. Their 
magnons are theoretically predicted to exhibit large chiral 
splitting at high frequencies, capable of generating spin 
current. Despite having zero magnetization like antiferro-
magnetic materials (eliminating stray fields), they possess 
chiral magnons similar to ferromagnetic materials, making 
them ideal for device applications. Observing the magnons 
in altermagnetic materials is crucial both for verifying their 
properties and exploring their application potential. Until 
now, no successful observation had been made. 
 
Content of the Research: The observed neutron spectra are 
shown in Figs. 1(a) and 1(c). In Fig. 1(a), at high energies 
above E = 30 meV, a magnon splitting of approximately 2 
meV, indicated by white circles, was observed. On the 
other hand, the magnon dispersion in the low-energy, 
small-momentum region rises linearly, similar to that of an 
antiferromagnet. These are crucial pieces of evidence for 
the existence of alternating magnets. 
 
Figure 1(c) shows the high-energy spectrum in a different 
momentum region, where the alternating propagation of 
the split magnon dispersion along the momentum axis was 
clearly observed. The calculated magnon dispersion is 
shown in Figs. 1(b) and 1(d) by black solid and dashed 
lines. The calculations perfectly reproduced the observed 
neutron spectra. Furthermore, when counterclockwise chi-
rality is represented in red and clockwise chirality in blue, 

at low energies, the two chiralities cancel each other out, 
resulting in a colorless region. However, at higher energies, 
the two magnons have different chiralities, clearly appear-
ing in blue and red. In Fig. 1(d), it was confirmed that the 
chirality alternates. From these results, it became clear that 
the observed magnons are chiral magnons that carry spin 
current. 
 

 
 
Fig. 1. (a) & (c) Neutron spectra of MnTe. These show dif-
ferent momentum regions, but h = 1.33 in (a) and l = -1.33 
in (c) represent the same momentum (-1.33, 0, -1.33). At 
this momentum, a magnon splitting of approximately 2 
meV was observed. (b) & (d) Calculated magnon chirality. 
Red and blue represent magnons with different chiralities. 
The gray solid and dashed lines indicate the calculated 
magnon dispersion. 
 
Future Prospects: Altermagnetic materials represent a new 
concept in magnetism. The experimental verification of 
chiral magnons in this study reveals their potential to gen-
erate spin current. This discovery paves the way for future 
advancements in high-speed, efficient electronic devices, 
potentially revolutionizing everyday life. 
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Nano Structure and Rheological Properties 
of Carrageenan Gels 

Mayumi Group 

 Carrageenans are polysaccharides used in food and bio-
technological applications. In our study, we focus on three 
types of carrageenans, κ-(KC), ι-(IC), and λ-(LC) carra-
geenans with different numbers and positions of sulfate 
groups. By decreasing temperature, carrageenan aqueous 
solutions become gels in which carrageenan chains are 
cross-linked by aggregated domains of helical chains (Fig. 
1). We investigated the hierarchical structure of the carra-
geenan gels by SANS to understand the microscopic origin 
of their mechanical properties [1]. 

Figure 2 shows the temperature dependence of elastic 
modulus G’ and loss modulus G’’ of KC, IC, and their mix-
tures, KCIC gels. For KC and IC gels, G’ increases drasti-
cally at a certain temperature, where sol-gel transition oc-
curs. G’ of KC gel is larger than that of IC gel, indicating 
that KC gel is stiffer than IC gel. KCIC gel exhibits a two-
step increase of G’, corresponding to independent aggre-
gation of KC and IC chains in KCIC gel. 

Fig. 1. Network structure of carrageenan gels. 

To study the microscopic structure of KC, IC and KCIC 
gels, we performed SANS measurements at SANS-U. The 

SANS profiles are converted to Kratky plots in Fig. 3. In 
the Kratky plots, a peak was observed at 0.06 Å-1 for KC 
gel, 0.07 Å-1 for KCIC gel, and 0.09 Å-1 for IC gel, respec-
tively. This suggests that the chain aggregate in KC gel is 
larger than that in IC gel, which results in the higher elastic 
modulus of KC gel. 

Fig. 2. Temperature dependence of elastic modulus G' 
(solid symbols) and loss modulus G'' (open symbols) of 
KC (red, square), IC (blue, triangle), and KCIC (green, cir-
cle). 

Fig. 3. Krathky plot of SANS profiles for different types of 
carrageenan gels. 
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Boson Peaks of Simple Molecular Glasses 
Studied by Adiabatic Calorimetry and 

Inelastic Neutron Scattering 

Yamamuro Group 

The boson peak is one of the important unresolved prob-
lems of glass, along with glass transition. This excitation 
peak universally exists around an energy (E) range of 2-5 
meV for most of glasses with quite different hardness from 
oxide glasses to molecular glasses. Although it is known 
that the temperature variation of the peak intensity can be 
scaled by the Bose factor (harmonic oscillator approxima-
tion) and that the peak energy does not change with respect 
to the momentum transfer Q (suggesting local excitation), 
the origin of the peak is still unclear. 

Our group has been studying the boson peak for many 
years, mainly focusing on simple molecular glasses [1-3]. 
Molecular glasses aggregate through simple van der Waals 
interactions and so suitable for the collaboration with the-
oretical and molecular dynamics works. Although simple 
molecules crystallize readily upon cooling, we have pre-
pared glasses at low temperatures (< 5 K) by using a vapor-
deposition (VD) method, whose cooling rate is faster than 
107 K/s. The most effective experimental tool to study 
boson peaks is inelastic neutron scattering (INS), which 
provides vibrational density of states. Another effective 
method is heat capacity (Cp) measurement. We use an adi-
abatic method to obtain absolute Cp values accurately. 

We have examined three VD glasses with different molec-
ular structures; CCl4 (tetrahedral, van der Waals), CS2 (lin-
ear molecule, van der Waals) and water (dog-leg-shape, 
hydrogen bond). They are vitrified at 5 K with custom-
made cryostats for VD samples [2,3] and measured in situ 
with BL14, AMATERAS at J-PARC, MLF and an adia-
batic calorimeter at our laboratory. 

Figure 1 shows the INS data for the three samples. For 
CCl4 and CS2, S(Q,E) of the glassy sample was clearly 
larger than that of the crystalline states. As known in the 
previous studies, there was no Q dependence of the peak 
energy and the peak intensity was enhanced at the second 
and third peaks of S(Q). Figure 2 shows the heat capacities 

Fig. 1. Dynamic structure factors of glassy and crystalline 
CCl4, CS2 and D2O.  

of the three samples. Apparently, excess heat capacities 
were observed in CCl4 and CS2. The curve in Fig. 2 was 
calculated through the density of states G(E) which was 
calculated from S(Q,E) by the established method [1-3]. 
During this calculation, the scale factor to link the neutron 
and calorimetric data was determined. The agreement be-
tween the experimental and calculated data was satisfac-
tory except high temperature region where anharmonic ef-
fects become important. Figure 3 gives the “absolute value” 
of the density of states divided by squared energy. It should 
be noted that this value is obtained by combining the data 
of the INS and adiabatic calorimetry. The gray-shaded area, 
corresponding to the degrees of freedom related to the 
boson peak, is 0.48 for CCl4 and 0.22 for CS2. We have 
integrated G(E) up to 15 meV to discuss the origin of the 
boson peak. Interestingly, there is no difference between 
the glassy and crystalline states, and the integrated G(E) 
was about 6 for CCl4 and 5 for CS2, both corresponding to 
the sum of the translation and rotation degrees of freedom. 
The present result has indicated an important fact that there 
is no extra degrees of freedom for the boson peaks of mo-
lecular glasses. 

Fig. 2. Heat capacities of glassy and crystalline CCl4, CS2 
and H2O. The curves are calculated from the INS data. 

Fig. 3. Absolute density of states divided by squared en-
ergy for glassy and crystalline CCl4, CS2 and D2O. The ex-
cess parts due to the boson peaks are shaded. 
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Large Thermodynamic Signatures of In-gap 
Fermionic Quasiparticle states in YbB12 

Kohama Group 

YbB₁₂ is a 3D mixed-valence Kondo insulator with a well-
developed charge gap. Intriguingly, previous studies found 
quantum oscillations in resistivity and magnetic torque—
signatures associated with metallic Fermi surfaces. More 
recently, metallic-like thermal conductivity has been re-
ported in its insulating regime, violating the Wiedemann–
Franz law by orders of magnitude and suggesting the pres-
ence of charge-neutral mobile excitations. However, re-
lated thermodynamic signatures—particularly in bulk 
probes like specific heat (C) and magnetocaloric effect 
(MCE)—had been elusive. The present study fills that gap 
by identifying sharp anomalies in C and MCE under high 
magnetic fields, offering evidence of emergent in-gap fer-
mionic quasiparticles.

In this study, we carried out high-resolution measurements 
of C, MCE, magneto-resistance (𝜌!!) and Hall resistivity 
(𝜌!") in pulsed (up to 60 T) and static (up to 35 T) mag-
netic fields [1]. We found a sequence of distinct double-
peak features in C/T at 11, 16, 19.6 and 30 T, as shown in 
Fig. 1(d). The double-peak structure displays a character-
istic temperature-dependent splitting, which becomes 
more pronounced at higher temperatures, as shown in 
Fig. 2. The MCE exhibits a single peak feature at corre-
sponding field regions (Fig.1(c)). On the other hand, the 
𝜌!" and 𝜌!! show smooth features across these low-field 
thermodynamic anomalies (Fig. 1(a)-(b)), suggesting they 
are not due to conventional electronic excitation.

The double-peak structure in C/T, whose separation scales 
linearly with 4.8 kBT, aligns with theoretical expectations 
for fermionic DoS singularities passing over the Fermi 
level, akin to Landau level crossings [2]. The magnitude 
and bulk nature of the anomalies rule out trivial sources 
(e.g., Schottky contributions, phonons, impurity spins). 
Compared with narrow-gap electronic models, the features 
in YbB₁₂ do not exhibit thermally activated behavior, im-
plying the formation of Fermi surface. Angular measure-
ments revealed a four-fold rotational symmetry in the field 
positions of the thermodynamic anomalies, further con-
firming their bulk origin, as opposed to surface states [1]. 
Our tentative calculation supports a strong interaction-in-
duced fractionalization of the electron, leading to the emer-
gence of electrically neutral fermionic excitations [1].

Further theoretical work is needed to unravel the micro-
scopic origin of peak structures—whether neutral spinon, 
composite excitons, or other emergent quasiparticles. Fu-
ture experimental avenues include spectroscopic probes 
and exploring related correlated insulators to generalize 
the findings. Through high-field and low-temperature 
measurements, the present study reveals pronounced ther-
modynamic anomalies indicative of in-gap fermionic qua-
siparticles in YbB₁₂. This marks a major advance in under-
standing Kondo insulators and sets the stage for deeper 

explorations into electron fractionalization in strongly cor-
related materials. 

Fig. 1. Comparison of magnetoresistance (𝜌!!), Hall resis-
tivity (𝜌!"), MCE and specific heat (C) of YbB12 as a func-
tion of magnetic field.

Fig. 2. Specific heat divided by temperature (C/T) as a 
function of the magnetic field at indicated temperature. 
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Ultrahigh Magnetic Field Effect on the Die-
lectric Constant in the Nonmagnetic Arche-

typal Ferroelectric BaTiO3 
 

Y. H. Matsuda Group 
 

The magnetic field effect of the covalent bond between at-
oms is generally small because the magnetic field available 
in a laboratory is typically around 10 T, and its Zeeman 
energy is much smaller than the bonding energy. However, 
the covalency of a specific chemical bond in ferroelectric 
is affected by a temperature change near the transition tem-
perature (Tc). Namely, the ion position shifts, and electrical 
polarization appears, which can be regarded as a phenom-
enon that occurs by changing the covalency of a specific 
chemical bond. Since the chemical bond generally be-
comes soft in the vicinity of the Tc, we may have a chance 
to observe a significant magnetic field effect on the cova-
lency in ferroelectrics if the magnetic field is strong 
enough. 
 
Recently, several new techniques for measurements in ul-
trahigh magnetic fields exceeding 100 T have been devel-
oped [1-7]. One of them is on the measurement of the die-
lectric constant [7]. Here, we introduce the technique for 
the dielectric measurement and a preliminary result on the 
dielectric constant of an archetypal ferroelectric BaTiO3.  
 
Figure 1 shows the schematic diagram of the dielectric 
constant measurement in ultrahigh magnetic fields exceed-
ing 100 T. The single-turn coil magnetic field generator at 
ISSP, UTokyo, was used to generate a magnetic field of up 
to 120 T for the present work. The radio frequency (RF) 
modulated electromagnetic wave (34 MHz) is introduced 
to the sample, and the transmission signal is recorded by 
the oscilloscope. The recorded RF data is modulated by the 
change in the sample dielectric constant. The sample tem-
perature is controlled by a hand-made heater and is meas-
ured by a thermocouple placed near the sample.  
 

 
 
Fig. 1. Schematic diagram of the RF dielectric constant 
measurement setup.  
 
The single crystal of BaTiO3 was used for the experiment. 
The Tc was found to be near 393 K. Before the high mag-
netic field experiment, the electrical polarization (P) direc-
tion was forced to be aligned by the poling process with 

the application of high voltage. 
 
The result of the magnetic field dependence of the dielec-
tric constant (ε) is shown in Fig. 2. The RF signal detected 
is converted to ε through the calibration curve that is ob-
tained by the temperature dependence of the dielectric con-
stant of the sample.  
 

 
 
Fig. 2. The magnetic field dependence of the dielectric 
constant [7].  
 
The dielectric constant decreases by a magnetic field (B) 
when the field exceeds near 100 T. We confirmed that sim-
ilar results are obtained whenever the B is parallel to the P 
and the temperature is close to Tc. However, there appears 
to be no reduction of the ε appears in high magnetic fields 
when B ⊥	P or the temperature is far from Tc [7]. Currently, 
one of the possible explanations is an enhancement of the 
covalency and resultant stabilization of the ferroelectric 
phase by a magnetic field. Further studies in the future will 
elucidate the origin of the field-induced change in ε.   
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Unveiling van Hove Singularity Modulation 
and Fluctuated Charge Order in Kagome 

Superconductor CsV3Sb5 

Okazaki Group 

The kagome lattice, characterized by its corner-sharing 
triangle geometry, hosts distinctive electronic structures 
such as topological flat bands, Dirac bands, and van Hove 
singularities (VHS) [Fig. 1(a)]. These features enable 
kagome materials to support exotic electronic phases. 
Recently, the kagome metals AV3Sb5 (A = K, Rb, Cs) have 
attracted intense interest due to diverse phenomena [1] 
including superconductivity, charge-density wave (CDW), 
pair density wave, and giant anomalous Hall effects. The 
suppression of CDW by pressure or doping in AV3Sb5 
enhances superconductivity, illustrating a strong interplay 
between these two states. 

Fig. 1. (a) Schematic plots for kagome-lattice’s band 
structure, time-resolved ARPES experimental setup, and 
the crystal structure of CsV3Sb5. (b) Temporal energy shift 
of the van Hove singularity and its coherent oscillation.  

Despite significant research efforts [1], the microscopic 
origin of CDW remains under active debate. Angle-re-
solved photoemission spectroscopy (ARPES) experiments 
suggest an electronic instability mechanism, highlighting 
VHS near the Fermi level (EF) with favorable nesting con-
ditions. This is further supported by the absence of the 
acoustic phonon anomalies. Conversely, density functional 
theory calculations indicate lattice instabilities via unstable 
phonon modes, corroborated by lattice distortions ob-
served in scanning tunneling microscopy and x-ray diffrac-
tion experiments. Due to the complex interplay between 
electrons and phonons, static experimental methods face 
limitations in conclusively identifying the primary driving 
force behind the CDW.  

To address these challenges, we conducted comprehensive 
time-resolved ARPES measurements on CsV3Sb5 [2], 
providing direct insights into the dynamic interplay of 
electrons and phonons. We demonstrate an ultrafast 
response of the VHS to laser excitation [Fig. 1(b)]. 
Remarkably, upon ultrafast optical pumping, the VHS 
immediately shifts closer to EF, altering the electronic 
density of states. Moreover, these energy shifts exhibit 

coherent oscillations at a frequency of approximately 1.3 
THz, matching a previously reported phonon mode 
strongly associated with the CDW.  

Fig. 2. (a) Intensity dynamics along G-M direction below 
and above TCDW ~ 94 K. (b) Extracted coherent oscillation 
components. (c) Fast Fourier transform (FFT) spectra for 
the oscillations. (d) Comparison between the normalized 
intensity of 1.3-THz phonon mode in Raman spectra [3] 
and FFT spectra in (c), with the red shade highlighting 
fluctuated phonon spectral weight above TCDW. 

Another striking experimental finding is the persistence of 
the 1.3-THz phonon mode above the CDW transition 
temperature, suggesting the existence of fluctuating CDW 
orders [Fig. 2]. These fluctuations, normally undetectable 
under equilibrium conditions [3], become observable 
through the intense, ultrafast optical excitations utilized in 
time-resolved ARPES, providing new insights into 
transient quantum states that may be relevant for 
manipulating superconductivity. 

These findings have important implications for 
understanding the CDW in CsV3Sb5. The observed VHS-
phonon coupling indicates a synergistic effect between 
electron-phonon interactions and electronic correlations, 
together generating the CDW with exotic time-reversal 
symmetry-breaking behavior. Furthermore, ultrafast laser 
excitation can dynamically tune the VHS closer to the 
Fermi level, hinting at potential mechanisms for enhancing 
superconductivity through nonequilibrium conditions. 
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Time- and Angle-Resolved Photoemission 
Spectroscopy with Wavelength-Tunable 
Pump and Extreme Ultraviolet Probe  

Enabled by Twin Synchronized Amplifiers 
 

Okazaki Group 
 

Angle-resolved photoemission spectroscopy (ARPES) re-
veals band structures [1], and its time-resolved variant 
(TARPES) enables observation of nonequilibrium states 
using femtosecond lasers [2]. While ∼6 eV light from BBO 
crystals limits energy access, high harmonic generation 
(HHG) extends reach up to 70 eV, allowing studies of large 
momentum space as well as valence and core levels. Yet, 
NIR pump pulses cause broad excitations and heating, ob-
scuring pure electronic dynamics. To address this, we de-
veloped a wavelength-tunable TARPES system as shown 
in Fig. 1. 
 
Our setup employs twin Ti:sapphire amplifiers (800 nm, 
35 fs, 0.7 mJ, 10 kHz) seeded by a shared oscillator to min-
imize timing jitter. One drives the pump, the other the 
probe. SHG at 3.1 eV is used to generate HHG in Ar gas 
(4 mm, 3–5 Torr), with a stabilizer maintaining beam 
alignment. The 7th harmonic (21.7 eV) is filtered and di-
rected via MLM mirrors with differential pumping 
(10⁻³ Torr → 10⁻⁸ Torr), yielding ~10⁹ photons/s. A He 
lamp checks sample quality. 
 
The pump beam is wavelength-tunable (1160–2580 nm) 
via OPA, with pulse profile monitored by autocorrelator 
and fluence/polarization adjusted using waveplates and at-
tenuator. An optional 800 nm source is also available. Pho-
toelectrons are analyzed with a Scienta Omicron R4000 
under 2×10⁻¹¹ Torr vacuum, and temperature controlled 
down to 7 K via cryostat. 
 

 
 
Fig. 1. Schematic illustration of the twin laser-based time- 
and angle-resolved photoemission spectroscopy 
(TARPES) system composed of two Ti:sapphire amplifica-
tion systems, an optical parametric amplifier (OPA), a 
beam stabilizer, a high harmonic generation (HHG) cham-
ber, a spectrometer, a multi-layered mirror chamber, and a 
hemispherical electron analyzer.  
 

We validated our system using highly oriented pyrolytic 
graphite crystals with a fixed probe energy of 21.7 eV and 
pump photons ranging from 0.52 eV (2400 nm) to 1.03 eV 
(1200 nm), plus an 800 nm reference.  
 
Figures 2(a) and 2(b) show the differential TARPES im-
ages excited by 0.52 and 1.03 eV pulses, respectively, by 
subtracting the image before the arrival of the pump. The 
delay time is set to be the largest change, corresponding to 
160 and 80 fs for Figs. 2(a) and 2(b), respectively. Since 
the Dirac band has a linear dispersion symmetric about the 
Dirac point (E = ED), the electrons are excited from ED − 
1/2 hω to ED + 1/2 hω by a pump with energy hω. To track 
the initial dynamics after photoexcitation, we highlight the 
photoexcited electrons at E = ED + 1/2 hω, which corre-
spond to the E − EF = 0.25 and 0.5 eV for 0.52 and 1.03 eV 
pumps, respectively. 
 

 
 
Fig. 2. Differential TARPES images for highly oriented py-
rolytic graphite at the delay times of 160 and 80 fs excited 
by the (a) 0.52 and (b) 1.03 eV pulse, respectively. 
 
By employing wavelength-tunable excitation, it becomes 
possible to achieve resonant and non-resonant excitations 
in intriguing quantum materials. Consequently, our devel-
oped system opens up the potential for discovering novel 
non-equilibrium phenomena in the future. 
 
References 
[1] A. Damascelli, A. Hussain, and Z. -X. When, Rev. Mod. 
Phys. 75, 473 (2003). 
[2] T. Suzuki, S. Shin, and K. Okazaki, J. Electron Spec-
trosc. Relat. Phenom. 251, 1474105 (2021). 
 
Authors 
T. Susuzki, Y. Zhong, K. Liu, T. Kanai, J. Itatani, and K. 
Okazaki 
 
 
 
 
 
 

 

ISSP Activity Report 2024 30



Layer-Selectively Enhanced Superconductiv-
ity in the Highest-Temperature Superconduc-

tor  
 

Iwao Matsuda Group 
 

The material dependence of superconducting transition 
temperature (Tc) provides useful clues to the mechanism of 
high-temperature superconductivity. In cuprate high-tem-
perature superconductors, it is known that Tc depends on 
the number of CuO2 planes in a unit cell, n, and is generally 
maximized at n = 3. On the other hand, even within the n 
= 3, trilayer cuprate family, there exist substantial Tc vari-
ations, ranging from 110 K in Bi2Sr2Ca2Cu3O10+d (Bi2223) 
to 134 K in HgBa2Ca2Cu3O8+δ (Hg1223), which is also 
known as the highest record of Tc at ambient pressure 
among any superconductors. In this context, comparative 
studies on such trilayer cuprates are desired to understand 
key elements governing their Tcs and to explore possible 
paths to realize superconductivity at higher temperatures. 
 

One powerful experimental probe of electronic structure is 
angle-resolved photoemission spectroscopy (ARPES). 
ARPES is particularly effective for the study of trilayer cu-
prates as it is capable of observing the electronic states of 
two inequivalent CuO2 planes [inner plane (IP) and outer 
plane (OP), see Fig. 1(a)] separately. ARPES is a momen-
tum-resolved technique and thus requires single-crystal-
line samples. Furthermore, due to high surface sensitivity 
of the technique, crystals should be cleaved under ultra-
high vacuum to expose a fresh surface. Bi2223 is easy to 
cleave and hence has been intensively studied by ARPES. 
Previous ARPES works [1] revealed an imbalance between 
the electronic states of IP and OP; larger superconducting 
gap for the IP by a factor of ~1.5. Thus, it has been conjec-
tured that strong superconductivity at the IP is responsible 
for high Tc of trilayer cuprates. However, that alone does 
not account for the Tc variation within the trilayer cuprates 
and significantly higher Tc of Hg1223, necessitating direct 
ARPES investigations into Hg1223. 
 

 
 

Fig. 1. Properties of (Hg,Re)1223. (a) Crystal structure. (b) 
Spatial distribution of ARPES intensity. (c) ARPES spectra 
at positions indicated in (b) 
 

Although it has been challenging to synthesize high-qual-
ity single crystals of Hg1223, Mino et al. [2] solved the 

problem by making partial Re substitution for Hg. They 
succeeded in growing sizable single crystals of  
(Hg,Re)Ba2Ca2Cu3O8+δ [(Hg,Re)1223)] with Tcs exceed-
ing 130 K. Since (Hg,Re)1223 lacks natural cleavage plane 
unlike Bi2223 and thus cleaved surface is expected to be 
highly disordered, we utilized tightly focused (10µm×
10µm) beam available at the Bloch beamline of MAX IV 
to target a flat region out of rough surfaces.  
 

We initiated our ARPES investigation by making a spatial 
map of spectral intensity [3]. As can be seen in Fig. 1(b), 
the intensity varies drastically over space, reflecting the 
disordered cleaved surface. However, after careful exami-
nation, we found that it is possible to obtain ARPES spec-
tra with decent intensity and sharpness at the optimal posi-
tion [Fig. 1(c)]. Fixing the sample position, we quantita-
tively evaluated the magnitude of spectral gaps at various 
momentum positions separately for the IP and OP. The ob-
tained gap values are plotted as a function of d-wave order 
parameter in Fig. 2. While the proportionality breaks down 
at larger d-wave parameters due to pseudogap opening, su-
perconducting properties can be evaluated by extrapolating 
the linear dependence to d-wave parameter = 1 and defin-
ing gap D0. Comparing the values of D0 to those of Bi2223 
[1] (Fig. 2), D0 (IP) was virtually identical. On the other 
hand, D0 (OP) was found to be significantly larger for 
(Hg,Re)1223. While large D0 (IP) has been highlighted as 
the key characteristic of trilayer cuprates, the present re-
sults imply that D0 (OP) is a significant factor governing 
the Tc variations within trilayer cuprates. The outcome of 
this work [3] may provide useful information to establish 
a designing principle of higher Tc compounds at ambient 
pressure. 
 

 
 

Fig. 2. The magnitude of spectral gap plotted as a function 
of d-wave order parameter for (Hg,Re)1223 (left) and 
Bi2223 (right) [1]. 
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Realizing Soft X-Ray Photoelectron Spectros-
copy Under Ambient Pressure 

Iwao Matsuda Group 
Soft X-ray photoelectron spectroscopy (XPS) is a surface-
sensitive probe of the chemical state of materials. A prime 
example where the characteristic of surface sensitivity is 
utilized is chemical reactions on catalyst surfaces. For im-
proving the performance of catalysts, it is essential to un-
derstand the chemical reaction processes on their surfaces, 
where analysis using XPS provides valuable information. 
However, performing XPS measurements in a gas environ-
ment presents challenges. First, soft X rays are easily ab-
sorbed by gas molecules in the air, causing a significant 
reduction in their intensity before reaching the sample. 
Second, photoelectrons emitted from the sample also un-
dergo strong scattering by gas molecules, making it diffi-
cult to guide them to the detector. Vacuum environments 
solve both problems, and hence XPS measurements have 
typically been performed under ultra-high vacuum. 

In recent years, advances in photoelectron measurement 
technique and synchrotron X-ray technology have led to 
the development of XPS in gas environments. Such XPS 
instruments are now installed at synchrotron facilities 
around the world and are used for research of surface 
chemistry. However, the gas pressure is limited to 0.13 bar 
at maximum [1], and many chemical reactions that occur 
at atmospheric pressure have not been covered. To address 
this problem, we developed an ambient-pressure soft X-ray 
photoelectron spectroscopy (APXPS) instrument that op-
erates at atmospheric pressure [2] at NanoTerasu, a syn-
chrotron radiation facility recently constructed on the 
Tohoku University campus (Fig. 1). 

Fig. 1. Photo of the APXPS apparatus developed at Nano-
Terasu BL08U. 

The key to realize XPS at ambient pressure is to suppress 
the attenuation of soft X-rays and photoelectrons by gas. 
To achieve this, it is important to bring the soft X-ray outlet 
and photoelectron entry as close to the sample as possible, 
thereby minimizing the distance that soft X rays and pho-
toelectrons travel through the gas. We first prepared a soft 
X-ray introduction path consisting of a vacuum tube to
avoid soft X-ray attenuation [Fig. 2(a)]. At the tip, we at-
tached a SiN thin film (200 nm thick) with high transmit-
tance in the soft X-ray region. By combining this soft X-
ray introduction path with a movable stage, we created an

environment where the SiN film could be brought very 
close to the sample (~5 mm). On the other hand, to sup-
press the scattering of photoelectrons by gas, an aperture 
cone [Fig. 2(b)] was attached to the tip of the analyzer. We 
used focused ion beam processing to create an aperture 
with a diameter of as small as 24 µm, which considerably 
reduces the conductance and makes it possible to introduce 
ambient-pressure gas to the analysis chamber while main-
taining high vacuum inside the electron analyzer. By bring-
ing the sample very close (comparable to the aperture-cone 
diameter) to the tip of the aperture cone during measure-
ment, the distance that photoelectrons travel in the gas can 
be reduced.

Combining these elements [Fig. 2(c)], and owing to high 
photon flux available at NanoTerasu BL08U, we suc-
ceeded in observing Au 4f photoelectron peaks under H2 
atmosphere even at 1.0 bar [Figs. 2(d),(e)]. The time spent 
to acquire the spectrum in Fig. 2(e) is only 8 minutes, 
which is quick enough to trace chemical reactions in a real-
time fashion. The developed APXPS system [2] dramati-
cally expands the capability of XPS and opens up new ap-
plications to real functional materials under operation. 

Fig. 2. Photos of (a) Vacuum tube for soft X-ray introduc-
tion, (b) aperture cone, and (c) components in the analysis 
chamber. (d) Au 4f spectra of a Au foil sample measured 
under H2 atmosphere with varying pressure. The spectrum 
acquired at 1.0 bar is magnified in (e). 
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