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In the Physics and Materials Science section this year, we 
report articles covering diverse fascinating topics in basic 

and applied sciences. A study of the electronic structure 
of a high-Tc cuprate discusses evidence for a quantum-
critical scaling and its relation with charge ordering. Studies 
on monolayer systems continue to provide unexpected 
results: a strongly correlated charge-density-wave (CDW-
Mott) phase was found to show a relatively high CDW 
ordering temperature with an electronic structure that is 
robust against doping as well as laser irradiation; a novel 
phenomenon of a topological proximity effect, occurring 
between a 2D material and a 3D topological insulator, was 
identified, thereby opening a route to create quantum 
spin-Hall systems in monolayer-substrate heterostructures. 
A multi-orbital system in which not only on-site Coulomb 
energy U but also Hund’s coupling JH are critical parameters 
for the ground state was investigated; it revealed clear 
quasiparticle dispersions as well as doping-dependent 
low-energy kink structures that provide direct evidence for 
the role of JH in its electronic structure. A highly innovative 
study using a miniature floating-gate transistor geometry 
showed that a partially oxidized InSe surface layer can act 
as an effective gate that generates a stable electron-storage 
effect in the underlying InSe channel, with prospective 
applications for non-volatile memory devices. An in-situ/
operando X-ray absorption spectroscopy study of a double 
perovskite, Sr2CoIrO6−δ, revealed the role of an uncommon 
hexavalent Ir6+ configuration in accelerating electrocatalytic 
water oxidation; the obtained results make Sr2CoIrO6−δ 
the most efficient perovskite-based solid-state catalyst for 
oxygen-evolution reaction. (by Cheng-Maw Cheng and 
Ashish Atma Chainani)
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W hen doped with holes or electrons, cuprates at low 
temperatures can be tuned from a Mott insulating 

phase to a superconducting phase and then to a Fermi-
liquid phase. In addition, an enigmatic pseudogap phase 
exists in the underdoped regime of hole-doped cuprates 
above superconductivity transition temperature TC with 
crossing temperature T*, which decreases monotonically 
when the doping is increased. Several symmetry-breaking 
orders such as charge-density waves (CDW) have also 
been discovered in cuprates with comparable onset 
temperatures. Charge fluctuations are among the most 
fundamental collective excitations in matter. CDW 
in cuprate superconductors have attracted renewed 
interest, but their mechanism and competition with 
superconductivity remain subjects of vigorous discussion. 
Upon tuning a non-thermal parameter through a critical 
value, quantum phase transitions occur at the absolute 
zero of temperature T. The putative quantum-critical point 
(QCP) in a cuprate holds the key to understanding many 
profound phenomena related to its superconductivity. In 
approaching a QCP, two quantum states of the system can 
exchange their energy ordering. As a result, a CDW state 
can be intertwined with the superconducting state. Also, 
because the energy difference is small, switching back 
and forth between CDW and superconducting ground 
states is energetically likely, resulting in quantum charge 
fluctuations. 

Previous studies proposed that the charge-density 
fluctuations permeate through a broad region of the 
cuprate phase diagram, but a crucial task in the scenario of 
the presence of QCP is to identify the ordered phases that 
terminate at the QCP. Herein, Atsushi Fujimori (Waseda 
University, Japan), Chien-Te Chen (NSRRC), and Di-Jing 
Huang (NSRRC) and their teams presumed the ordered 
phases to be the CDW order and sought evidence for the 
QCP associated with the CDW in the superconducting 
phase. Inelastic X-ray scattering probes charge fluctuations 
on measuring dynamical structure factor S(q, ω), which 
is the space and time Fourier transformation of the 
density-density correlation function. Because O K-edge 
resonant inelastic X-ray scattering (RIXS) probes particular 
characteristics of the dynamical charge fluctuations of 
CDW, although additionally modulated by the effects 
of RIXS matrix elements, light polarization and orbital 
characters, they performed high-resolution O K-edge 

RIXS measurements and theoretical calculations through 
a diagrammatic framework to investigate the quantum 
fluctuations of charge order in superconducting cuprate 
La2−xSrxCuO4 (LSCO) near the optimal doping. 

The O K-edge RIXS measurements were conducted with 
the AGM-AGS spectrometer at TPS 41A of the Taiwan 
Photon Source. The especially constructed AGM-AGS 
beamline is based on the energy compensation principle 
of grating dispersion. The ultra-high energy resolution 
allows collection of high-resolution RIXS data with energy 
resolution 16 meV at incident photon energy 530 eV. 

To unveil the charge instability and the coupling between 
CDW fluctuations and phonons in LSCO, Fig. 1(a) presents 
a series of maps of temperature-dependent RIXS intensity 
distribution in the plane of energy loss vs in-plane 
momentum transfer q|| along (π, 0); Fig. 1(b) shows those 
maps after the subtraction of elastic scattering. There 
exists a pronounced excitation feature of energy about 
14 meV in the neighborhood of qCDW. This low-energy 
RIXS excitation appears to shift away from qCDW when the 
thermal energy approaches the excitation energy. This 
condition reflects that, at low temperatures, the low-energy 
RIXS excitation is dominated by charge-density fluctuations 
and its contribution from the coupling of CDW to acoustic 
phonons increases with increasing temperature. RIXS 
measures other phonon excitations in addition to that 
pronounced low-energy feature. The electron-phonon 
coupling involved with states near the Fermi level is weak 
for the apical mode; the contribution of apical phonons 
to RIXS can be neglected. The RIXS spectra were fitted 
with three components for high-energy phonons, i.e., 
bond-stretching, A1g buckling, and B1g buckling phonons, 
which plot fitted spectra of q|| = 0.23 and 0.16 at 24 K, 
respectively. The observed phonon softening also agreed 
with the calculation. Their curve-fitting results show that 
these phonons all exhibit the strongest softening at q|| 
= (0.25, 0) rather than qCDW, supporting the scenario of 
discommensurate CDW in LSCO at doping level x = 0.15. 

Although the RIXS measurement was performed only on a 
sample near optimal doping, quantum-critical scalings of 
charge fluctuations in the temperature domain were clearly 
demonstrated. These results are consistent with speculation 

Evidence for a Quantum-Critical Scaling 
Associated with Charge Order
Elucidating the role of charge order in cuprates provides evidence for quantum-critical scaling and discommensurations 
associated with charge order.
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about the existence of a QCP. In contrast, on suppressing 
superconductivity in high magnetic fields, linear scalings in 
resistivity were observed in a more extended regime about 
the putative QCP near doping level 0.2. While the extended 
linear-resistivity region showed quantum scaling in 
temperature, it did not exhibit the quantum-critical scaling 
in the non-thermal parameter, doping. The correspondence 
between quantum criticality and T-linear resistivity might 
thus not be of necessity. The apparent extended critical 
region that is overlapped with the putative QCP might 
just be a non-Fermi-liquid phase. In this scenario, the CDW 
phase becomes a non-Fermi-liquid phase as the doping 
level is tuned across the putative QCP.

In conclusion, they observed short-range CDW in LSCO near 
the optimal doping over a wide temperature range; these 
orders compete locally with the superconducting order. 
Through combining high-resolution RIXS measurements, 
theoretical modeling and diagrammatic calculations, 

their results provide evidence for phonon softening in 
superconducting cuprates induced by charge order. The 
observation of phonon softening indeed results from 
quantum fluctuations of the charge order. (Reported by 
Cheng-Maw Cheng)

This report features the work of Atsushi Fujimori, Chien-Te 
Chen, Di-Jing Huang and their teams and their collaborators 
published in Phys. Rev. X 11, 041038 (2021).
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Fig. 1: Temperature-dependent O K-edge RIXS of optimally doped LSCO. (a) RIXS intensity distribution maps in the plane of energy loss vs 
in-plane momentum transfer q|| along (π, 0) at varied temperature T. (b) RIXS intensity distribution maps after subtraction of elastic 
scattering. All RIXS spectra are recorded with σ-polarized incident X-rays of energy tuned to the ZRS hole. [Reproduced from Ref. 1]
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Fig. 1: Schematics of star-of-David clusters, scanning tunneling 
microscopy and core-level photoemission spectra of monolayer 
1T-TaSe2. (a) Schematics of displacement of Ta atoms in the 
star-of-David cluster. M and X represent transition-metal 
and chalcogen atoms, respectively. (b) Schematics of crystal 
structure for monolayer 1T-TaSe2 and star-of-David clusters with 
periodicity √13 × √13. (c) STM image in surface area 8 × 8 nm2 for 
monolayer 1T-TaSe2 on bilayer graphene measured at T = 4.8 K. 
(d) Temperature dependence of EDCs around the Ta-4f core level 
measured with hν = 260 eV for monolayer 1T-TaSe2. [Reproduced 
from Ref. 4]

A Monolayer CDW-Mott Phase Robust Against 
Heat, Light and Doping
Angle-resolved photoemission spectroscopy showed that the band structure of a monolayer of the transition-metal 
dichalcogenide 1T-TaSe2 is stable against heat, laser excitation and doping.

T he combination of low-dimensionality and electron correlation are crucial for exotic quantum phenomena such as the 
Mott-insulating phase and high-temperature superconductivity. The transition-metal dichalcogenide (TMD) 1T-TaS2 has 

attracted enormous interest because of its unique non-magnetic Mott-insulator nature, which is well known to be associated 
with a charge-density-wave (CDW) transition. In its bulk form, the CDW-Mott transition temperature TCDW-Mott for 1T-TaS2 is, 
however, less than 200 K. Attempts to increase TCDW-Mott have not succeeded to date, but enhancement of TCDW-Mott is necessary 
for use in applications at room temperature and above. Researchers in an international collaboration have now shown that a 
monolayer of 1T-TaSe2 exhibits a strong-coupling two-dimensional (2-D) CDW-Mott phase with transition temperature onset 
~530 K. Furthermore, the electron-electron correlation-derived lower Hubbard band survives under external perturbations 
such as carrier doping and laser excitation, in contrast to the bulk counterpart.

The layered transition-metal dichalcogenide (TMD) 1T-TaS2 
is considered to be a special example of a bandwidth-
controlled Mott-transition material1,2 in the absence of 
magnetic order. Bulk 1T-TaS2 undergoes a Mott transition 
accompanied by a commensurate CDW characterized by 
the star-of-David cluster (Fig. 1(a)) with a periodicity √13 
× √13 (Fig. 1(b)), at TCDW-Mott ~200 K. Recent studies have 
focused on the exploration of unusual properties in the 
atomic-layer limit in TMD, with the possible emergence 
of exotic quantum phenomena in the pure 2D limit.3 The 
nature of a pure 2D CDW-Mott phase in terms of its stability 
at high temperatures and under photoexcitation, possibility 
for magnetism, etc. compared with the 3D bulk case has 
been scarcely explored. Furthermore, the most important 
issue regarding the interplay between the Mott phase and 
dimensionality has yet to be clarified. 

In this work, the authors grew high-quality single-phase 
monolayer 1T-TaSe2 with a CDW-Mott transition temperature 
onset ~530 K. The samples were first characterized with a 
scanning tunneling microscope (Fig. 1(c)) to confirm the 
monolayer nature. Core-level photoemission spectra (Fig. 
1(d)) showed a temperature-dependent splitting of the Ta 
4f core levels, which is well known as a signature of CDW 
order in TMD materials. Figure 2 (see next page) shows 
the temperature-dependent angle-resolved photoemission 
spectroscopy (ARPES) results that confirmed the CDW-Mott 
insulating phase to be stable up to high temperatures; the 
authors estimated a transition temperature TCDW-Mott ~530 K. 
The authors then carried out doping-dependent studies at 
beamline TLS 21B1 of the Taiwan Light Source. A calibrated 
dosing of the monolayer 1T-TaSe2 surface with K atoms was 
implemented; the corresponding ARPES spectra are shown in 
Fig. 3 (see next page). The results showed that the lower Hubbard band, a characteristic of a strongly correlated CDW-Mott 
phase, survived with a large doping content and only shifted to higher binding energies,4 as seen in Fig. 3. 
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Fig. 3: CDW–Mott insulator phase in monolayer 1T-TaSe2 robust against electron doping. (a–c) K-deposition 
dependence of ARPES intensity along the ΓK cut for monolayer 1T-TaSe2 [potassium coverage dK = 0 (pristine), 
3.2 × 1013 and 6.4 × 1013 atoms/cm2, respectively], measured at T = 300 K with hν = 51 eV. (d–f) Same as (a–c), 
but obtained on taking the second derivative of EDC. (g) EDC at the Γ point for each dK. (h) Plots of intensity at 
EF with respect to that at LHB, IEF/ILHB, as a function of dK, estimated from the EDC in (g). The IEF/ILHB values for 
bulk TaS2 measured at T = 30 and 300 K are also plotted. Error bars reflect uncertainties originating from the 
energy resolution and statistics of data. [Reproduced from Ref. 4]

Fig. 2: CDW–Mott phase of monolayer 1T-TaSe2 robust against temperature variation. (a−c) Near-EF 
ARPES intensity along the ΓK cut measured at T = 40, 300 and 450 K, respectively. (d) Temperature 
dependence of EDC at the Γ point. EDC for bulk 1T-TaS2 (T = 30 and 300 K); bulk 1T-TaSe2 (T = 30 
K) is also shown as a reference. (e) Squared leading-edge midpoint ΔLEM at the Γ point plotted 
against T for monolayer 1T-TaSe2 (blue circles), with results of numerical fitting with the semi- 
phenomenological (blue solid curve) BCS gap functions. ΔLEM and fitting results are also plotted 
for bulk 1T-TaS2 (red). We obtained {TCDW-Mott, A} = {530 K, 1.01} and {180 K, 1.50} for monolayer 
1T-TaSe2 and bulk 1T-TaS2, respectively. Error bars in (e) reflect uncertainties originating from energy 
resolution and standard deviation in the peak positions of EDC. [Reproduced from Ref. 4]

The authors further confirmed that the electronic band structure of the CDW-Mott phase was stable also under 
photoexcitation, using laser-based pump-probe ARPES measurements. From a careful analysis of all the data, the authors 
showed that the enhanced transition temperature, as well as the Mott-Hubbard and CDW gaps for monolayer 1T-TaSe2, 
originate from (i) a lattice distortion in combination with enhanced electron-electron correlations, and (ii) a disappearance 
of interlayer hopping in the monolayer limit compared to the bulk. The study4 thus established an effective method to 



3 D topological insulators (TI), which refer to the states 
of matter with an insulating gap in the bulk and 

gapless helical states on the surface, have attracted much 
attention due to their fascinating electronic structures. 
Proximity effects that occur in heterojunctions comprised 
of TIs and materials can provide an interesting platform to 
produce emerging quantum phenomena of Dirac fermions 
at the interfaces. For instance, it has been predicted that 
a hybrid structure made of a 3D TI and a superconductor 
can produce a superconducting proximity effect at the 
interface, which might lead to the emergence of 2D 
topological superconductivity hosting Majorana fermions. 
In graphene transferred on 3D TI, a strong proximity effect 
can induce opening of the band gap and strong spin-
orbital coupling, which leads to a strong tunability and 
suppression of the spin signal and lifetime. Moreover, the 
predictions of such an interaction with non-topological 
states at the interface between a normal insulator (NT) and 
a TI might result in vertical twinning of the Dirac cone; the 
non-topological states can acquire a spin texture without 
magnetic doping. The study of the band structure of 2D 
NI/3D TI is significant to understand topological proximity 
effect; the results bear great potential for spintronics. 

Herein, Jung-Chun Andrew Huang (National Cheng 
Kung University), Tay-Rong Chang (National Cheng Kung 

University), Cheng-Maw Cheng (NSRRC) and their teams 
studied a novel phenomenon termed a topological 
proximity effect, which occurs between a 2D material and 
a 3D TI. To understand further the change of electronic 
structure between Sb2Te3 and the antimonene/Sb2Te3 
hybrid heterostructure, they performed an experiment at 
TLS 21B1 beamline of the Taiwan Light Source recording 
angle-resolved photoemission spectra (ARPES) to probe 
the band structures. Figures 1(a) and 1(b) (see next page) 
show the band-mapping results of pristine Sb2Te3 and 
antimonene/Sb2Te3 recorded along the Г-K direction. In 
a comparison of the two band-mapping results along 
direction Г-K between Sb2Te3 and antimonene/Sb2Te3, an 
additional Sb-bilayer (BL)-derived band is observed near 
the Fermi level; the band structure of Sb2Te3 has a rigid 
band shift to larger binding energy. Figure 1(c) shows an 
enlargement of the energy scale in Fig. 1(b) to resolve the 
band dispersion around the Fermi level. The two Sb-BL-
derived bands have an intersection at the Γ point near the 
Fermi level; a new Dirac point Dsb is located almost at the 
Fermi level. The observed band dispersion indicates that a 
new topological state has been formed in the antimonene/
Sb2Te3 hybrid-heterostructure.

Figure 1(d) shows the calculated surface spectral weight 
with a color corresponding to the integrated charge 
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A Route to Create Quantum Spin Hall Systems

A novel phenomenon termed the topological proximity effect, which occurs between a 2D material and a 3D 
topological insulator, has generated a paradigm that opens a route to create quantum spin Hall systems in monolayer-
substrate heterostructures.

stabilize the CDW-Mott phase in terms of band engineering. The discovery of the robust CDW-Mott phase far above room 
temperature is considered valuable for developing practical CDW-Mott insulator-based ultrathin nanoelectronic devices. 
(Reported by Ashish Chainani)

This report features the work of Takafumi Sato, Katsuaki Sugawara and their collaborators published in Nat. Commun. 12, 5873 
(2021). 
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density of the state within the 
Sb-BL, topmost quintuple layer 
(QL) (first QL), and the nearest-
neighboring QL (second QL) 
in Sb2Te3. Figures 1(e) and 
1(f) display the wide range 
and a magnification of the 
calculated band structures 
superimposed on the ARPES 
band mapping, respectively. 
The density-functional theory 
(DFT) calculations identify that 
the linear Dirac state near EF 
is derived from the Sb-BL. The 
free-standing Sb-BL is notably 
predicted to be a NI with band 
gap 2.28 eV. The topological 
Dirac state can thus be expected 
to appear at the interface 
between NI Sb-BL and TI Sb2Te3 
in the Sb-BL/Sb2Te3 hybrid 
structure based on a concept of a 
bulk-boundary correspondence. 
Surprisingly, their calculations 
manifest that the topological 
Dirac state is contributed mainly 
from the Sb-BL, whereas the 
band dispersion of the first QL 
and second QL in Sb2Te3 presents 
an energy gap. Following the 
idea of topological band theory, 
the covered Sb-BL can be effectively regarded as a new 
surface of the Sb-BL/Sb2Te3 hybrid structure. Sb-BL is hence 
topologicalized because of the proximity effect between 
Sb-BL and Sb2Te3. The interaction between the adjacent 
NI and TI is complicated. One possibility comes from the 
energy band hybridization between NI and TI because the 
type-II band alignment at the interface between NI and 
TI, that is, the valence-band maximum of a NI, is in the 
band gap of the TI, which might lead to an anti-crossing 
between the valence state of NI and the Dirac surface state 
of the TI, resulting in a new surface state that exists in the 
adjacent NI. The position of the Dirac point and the shape 
of the Dirac surface state can consequently be tuned on 
varying the energy position of the valence band of the NI, 
for example on altering the doping level. This advantage 
might be used to manipulate the topological properties of 
2D materials. More importantly, the spin spectral weights in 
the Sb-BL near the Fermi level exhibit clear spin-polarized 
states. In addition to the topological surface state, a quasi-
linear spin-polarized band was found above EF in the first 
QL. Interestingly, the chirality of its spin texture is opposite 
that of the Dirac state of Sb-BL. Contrary to the spin-
momentum locked spin texture in plane, an additional Sz 
spin band out of plane appears below EF in  
Sb-BL and the first QL, which is likely due to the strong 

warping effect in the hexagonal lattice. As a result, the 
direction of the spin texture of Sb-BL/Sb2Te3 becomes 
greatly modified via varying the Fermi level. Through the 
proximity effect induced at the interface, the antimonene/
Sb2Te3 2D NI/3D TI system provides a promising way to 
form a new TI state and to tune the position of the Dirac 
point. 

In summary, the authors provide strong evidence derived 
from hydrogen etching on Sb2Te3 that large-area and well 
ordered antimonene presents a 2D topological state. A 
new topological state formed in the antimonene/Sb2Te3 
heterostructure was confirmed with ARPES and calculations 
with DFT; in particular, the Dirac point was located almost 
at the Fermi level. The results reveal that Dirac fermions are 
indeed realized at the interface of a 2D NI and a 3D TI as 
a result of strong hybridization between antimonene and 
Sb2Te3. Due to the proximity effect induced at the interface, 
their work demonstrates that the antimonene/Sb2Te3 2D 
NI/3D TI system could provide a promising way to form a 
new TI state and to modify the direction of the spin texture 
of Sb-BL/Sb2Te3 via varying the Fermi level. (Reported by 
Cheng-Maw Cheng)

This report features the work of Jung-Chun Andrew Huang 
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Fig. 1: (a) Band-mapping result of Sb2Te3 taken at photon energy 24 eV. (b) Band-mapping result of 
antimonene/Sb2Te3 taken at photon energy 24 eV. (c) Enlarged energy scale of the band-mapping 
result in (b). (d) Calculated band structure of Sb-BL/Sb2Te3. (e) Overlapping band dispersion 
extracted from (d) on the band-mapping result of antimonene/Sb2Te3. (f) Enlargement of energy 
and momentum scales in (b). [Reproduced from Ref. 1]



and Cheng-Maw Cheng and their collaborators published in 
ACS Nano 15, 15085 (2021).
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A Hallmark of Hund’s Physics in the Multi-Orbital 
System
An abrupt deviation from Fermi liquid behavior has been directly observed in electron self-energy results as the kink 
feature at a low-energy scale. The results of the evolution of the characteristic temperature scale via a kink features, 
which is a hallmark of Hund’s physics in a multi-orbital system.

Since Mott’s initial proposal that an insulating ground state can appear due to the electron–electron correlation, the 
metal-insulator transition (MIT) has been at the core of condensed-matter physics. The Coulomb interaction U is the 

most important parameter; thus finding how the spectral function and energy scale evolve as a function of U has been a 
fundamental issue in MIT studies. The Brinkman-Rice picture and dynamical mean-field theory (DMFT) for the half-filled 
one-band Hubbard model show that the overall quasi-particle (QP) peak and Kondo temperature TK gradually become 
renormalized as U increases. At the MIT, the QP mass diverges with vanishing TK. Most realistic materials are, however, 
multi-orbital systems in which not only U but also Hund’s coupling JH is a critical parameter for the ground state. During the 
past decade, there has been a remarkable progress in the theoretical description of Hund’s physics in correlated electron 
systems. It was found that JH can enhance the effective correlation strength of multi-orbital systems by weakening the Kondo 
screening channel. The most drastic effect occurs in non-singly-occupied and non-half-filled cases such as iron pnictides, 
chalcogenides and ruthenates. Although these materials are metallic and are located far from the Mott insulating state, 
their small coherence energy scale due to JH induces incoherent transport properties. These new phases are classified as 
Hund’s metal; their correlated electronic structures have been intensively studied through both experimental and theoretical 
approaches. 

An important remaining question is how JH affects the evolution of the spectral function and the energy scale of multiband 
systems. Considering these aspects, NiS2−xSex, a half-filled system with degenerate Ni eg orbitals, is probably the most suitable 
multi-orbital system for an investigation of the evolution in the presence of JH. On varying the Se content, the correlation 
strength can be easily tuned in the existence of JH. To address the role of JH during the MIT, Changyoung Kim (Seoul National 
University, Korea), Cheng-Maw Cheng (NSRRC) and their teams reexamined the band structure of NiS2−xSex not only with 
angle-resolved photoemission spectra (ARPES) with finer doping steps and higher resolution but also via density-functional 
theory (DFT) plus DMFT with and without JH. They utilized ARPES to achieve the high resolution needed to observe clearly 
the QP of NiS2−xSex. Their results reveal clear QP dispersions as well as doping-dependent low-energy kink structures. The 
DFT+DMFT calculations also identify the kink structures, which explain the strongly suppressed temperature scale due to JH. 
The evolution of a kink observed in their ARPES data provides direct spectroscopic evidence for the evolution of the energy 
scale in the presence of JH. 

The α hole pocket is the most representative QP band for the Mott transition in NiS2−xSex. As the Fermi-surface volume of 
the α band is much larger than the others, the transport properties of NiS2−xSex should be dominated by the hole pocket. 
To study how the α band dispersion varies across the MIT, they performed ARPES experiments at TLS 21B1 beamline of the 
NSRRC. ARPES spectra along the Γ-X line were recorded at 16 K for diverse Se doping shown in Fig. 1. A QP band, distinct 
from the incoherent band (Fig. 1(g)), is clearly observed in all metallic samples, whereas the QP was not clearly discernible 
as it was buried under an incoherent spectral weight in previous reports (grey filled curve in Fig. 1(g)). The appearance 
or disappearance of the QP follows the MIT behavior along the Se doping; the QP is seen for the metallic phase (x ≥ 0.43) 
whereas it is absent in the insulating phase (x = 0.3) (see Fig. 1(a) for the phase diagram). 
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An important aspect of the data in Fig. 1 is that a kink feature is observed in the dispersion for all metallic systems. Such 
a kink feature is normally interpreted to arise from electron-phonon coupling, but the energy scale of the kink, especially 
for NiSe2, is too large to have a phonon origin. In addition, the kink moves toward the lower-energy side as the molar mass 
decreases (that is, as S content increases), which is opposite what is expected from the electron-phonon interaction. Magnons 
and plasmons can also be excluded as the origin of the kink. If the kink originates from electron-magnon interaction, the 
energy scale of the kink is expected to increase as the system approaches the Mott insulating phase (that is, as S content 
increases). In contrast, plasmons have a much larger energy scale (few eV or greater) than the kink energy in the data. 
Another notable aspect of the kink feature is that the kink becomes stronger as the system approaches the Mott insulating 
phase, alluding to its possible connection to the MIT. Previous theoretical studies predicted that a strongly renormalized 
coherent part is confined to a low-energy scale set by JH. This effect explains why the kinks are generally found at the low-
energy scale in a Hund’s metal. This hallmark of JH survives even in the vicinity of MIT at which U is dominant. Their ARPES 
data in Fig. 2(h) provide direct spectroscopic information on how the kink induced by JH evolves as ratio U/W increases. The 
kink moves toward the lower-energy scale as the system approaches the Mott insulating phase. 

In summary, the research team directly observed an evolution of the coherence energy scale via a kink feature. The ARPES 
data presented here show how the kink from JH evolves as the correlation strength increases. From DFT+DMFT calculations, 
they have confirmed that this kink originates from JH and is related to the crossing temperature scale. The suppression of 
Kondo screening by JH implements the kink feature at the low-energy scale; the kink moves toward the lower-energy side as 
the correlation strength further increases with S doping. Their results clearly demonstrate that the evolution of a kink can be 
understood by the evolution of the characteristic energy scale. (Reported by Cheng-Maw Cheng)

This report features the work of Changyoung Kim, Cheng-Maw Cheng and their collaborators published in Nat. Commun. 12, 
1208 (2021).
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Fig. 1: Se content-dependent QP dispersion. (a) Phase diagram of NiS2−xSex. (b–f) ARPES data along direction Γ-X. (g) Energy distribution curves (EDC) at 
the Fermi momentum (kF) as represented by dashed-dotted lines in panels (b–f). (h) QP dispersions obtained on fitting momentum distribution 
curves. (i–k) Doping-dependent  band dispersion, Fermi velocity vF and effective mass m*, respectively. The linear coefficient of the specific heat 
γ is also plotted for comparison. [Reproduced from Ref. 1]
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Miniaturize Floating-Gate Transistors to Approach 
a Physical Limit
On modulating the amount of electric-field-induced trapped electrons with an electrostatic gate potential, the 
demonstrated characteristics indicate that the engineering of an InSe interface has potential applications for 
nonvolatile memory.

Van-der-Waals-bonded layered materials enable 
the isolation and subsequent construction of 

heterostructures with designer interfaces and without 
constraint of lattice matching. Such interface engineering 
provides a knob that controls the electron behaviors of the 
artificial structures by controlling the interactions between 
layers through variations in the symmetry, stacking angles 
and chemical composition. These layered structures have 
been incorporated into a nonvolatile memory cell to mimic 
the conventional setup in which a floating gate generates 
a long-lasting internal electric field. In the applications of 
transistor-type nonvolatile memory cells, stacks of graphene 
and insulating oxide have been incorporated to scale the 
floating gate (polysilicon/SiO2), in which a long-lasting 
internal electric field continuously modulates the carrier 
concentration in the channel. In these heterostructures, 
charges are confined in the floating gate because of a 
difference in the barrier height of interface energy between 
the layered materials and the insulating oxides. Upon 
continuous device scaling, however, progress is hampered 
by diffraction-limited photolithography and nonscalable 
tunneling oxide thicknesses that contribute to, for example, 
back tunneling. Innovations in cell architecture, decreased 
fabrication complexity and new device materials are thus in 
high demand.

Yi-Ying Lu (National Sun Yat-sen University), Chia-Hao Chen 
(NSRRC) and their teams proposed a new device concept 
that uses the van der Waals gating effect resulting from 
long-lived localized charges on the surface layer of InSe, 
which acts as an effective gate and which is separated by 
the van der Waals gap and generates a stable electron-
storage effect in the underlying InSe channel. In contrast 
to a conventional flash memory cell in which charges are 
confined within potential wells formed by gate dielectric 
and semiconductor stacks, the charges in their structure 
are localized by trap sites generated by an indirect oxygen 
plasma treatment. Moreover, the channel current levels in 

InSe devices can be modulated on tuning the amounts of 
localized charge through the application of various back-
gate voltages (VG), enabling multilevel data storage.

To construct a back-gated field effect transistor (FET), two 
electrodes were deposited on both ends of InSe. The small 
bias current and bias voltage (IDS−VDS) measured at various 
VG values ranging from 0 to 70 V demonstrate a linear 
behavior that indicates an ohmic contact. To generate 
charge-trapping states (in-gap traps) on the surface layer 
without fully oxidizing it, the InSe FET device was then 
subjected to an indirect oxygen-plasma treatment. To 
verify the underlying physical mechanism of their proposed 
device, an operando investigation of the trapping and 
detrapping process on the top layer was performed 
using a scanning photoelectron microscope (SPEM) that 
combines the chemical and electronic sensitivities of X-ray 
photoelectron spectra (XPS) with a spatial resolution ~150 
nm. Moreover, SPEM has the ability to reflect the local 
electrical potential surrounding the probed atom. This 
approach allowed to explore the role of surface oxides in 
device behavior through observation of the changes in 
binding energy for the device under working conditions. 
The operando SPEM measurement setup of their devices 
at TLS 09A1 beamline is illustrated in Fig. 1(a) (see next 
page). The device was scanned using a focused X-ray beam 
with spot size ~100 nm in ultrahigh vacuum conditions. 
To enable operando SPEM measurements during device 
operation, both source and drain electrodes were grounded; 
the gate electrode was subjected to a power bias. 

To verify the van der Waals gating effect, they performed 
operando SPEM measurements at the oxygen plasma-
treated channel. Upon application of a VG 50 V, all signals 
moved to lower energies. To verify the trapped charge-
induced core-level shifts, the In 4d and Se 3d binding 
energies are expressed relative to the In 4d5/2 and Se 3d5/2 
signals, respectively. The relative energy difference between 
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In−O and In−Se signals varied from 
1.91 eV (VG = 0 V) to 1.45 eV (VG = 50 
V). This decrease in the relative energy 
difference under the application of 
a 50-V VG indicates that compared 
with VG 0 V, photoemitted electrons 
from oxidation sites are accelerated 
by the external electric field, resulting 
in a red shift of the binding energy. 
Note that, during the measurements, 
the InSe channel was grounded 
to an energy analyzer, and if there 
were no charge accumulation on 
the sample surface, there would be 
no potential difference between the 
energy analyzer and InSe due to the 
alignment of the Fermi level. Based 
on this assumption, they inferred that 
the external electric field was ascribed 
to the accumulation of induced electrons at the surface 
oxidation sites, producing an electrostatic potential on the 
InSe surface layer. 

In summary, the demonstrated characteristics indicate 
that the engineering of an InSe interface has potential 
applications for nonvolatile memory. (Reported by Cheng-
Maw Cheng)

This report features the work of Yi-Ying Lu, Chia-Hao Chen 
and their collaborators published in ACS Appl. Mater. 
Interfaces 13, 4618 (2021). 

TLS 09A1  SPEM
• XPS, AES, photoabsorption, and other spectra 
• Materials Science, Condensed-matter Physics

Reference
1. Y.-Y. Lu, Y.-T. Peng, Y.-T. Huang, J.-N. Chen, J. Jhou, L.-W. 

Lan, S.-H. Jian, C.-C. Kuo, S.-H. Hsieh, C.-H. Chen, R. San-
kar, F.-C. Chou, ACS Appl. Mater. Interfaces 13, 4618 
(2021).

Fig. 1: Operando scanning photoelectron microscopic characterization of van der Waals gate 
devices. (a) Schematic of the operando SPEM measurement setup. (b,c) Optical images of 
pristine (top) and oxygen-plasma-treated devices (bottom). (d,e) Photoelectron intensity 
mapping of the Se 3d core-level spectra of pristine (top) and oxygen plasma-treated devices 
(bottom). [Reproduced from Ref. 1]

A Double Perovskite Oxide Shows the Way for 
High Performance of Electrocatalytic Water 
Oxidation
In-situ/operando X-ray absorption spectra of double perovskite Sr2CoIrO6−δ identify the role of an uncommon  
hexavalent Ir6+ configuration in accelerating electrocatalytic water oxidation.

A main goal of the recently held UN Climate Change 
Conference was to secure global net-zero emissions 

of carbon dioxide by 2050. To achieve this goal, countries 
must phase out the use of coal, decrease deforestation, 
speed up switching to electric vehicles and increase 
renewable energy sources. The challenge of improved 
renewable energy technologies is thus an important part of 
saving our planet from severe climate change. Identifying 
materials that are efficient electrochemical catalysts is a 
major requirement of renewable energy technologies. 

Further, to develop such materials, it is necessary to 
understand the mechanism of the oxygen-evolution 
reaction (OER) that exhibits sluggish reaction kinetics, and 
find ways to improve its efficiency. Oxygen evolution is 
the process of generating molecular oxygen (O2) by 
a chemical reaction, generally from water, and occurs in 
photosynthesis, electrolysis of water and decomposition of 
oxides.

In a recent report in Advanced Functional Materials,1 
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researchers showed that a double perovskite oxide 
compound Sr2CoIrO6−δ exhibits an unprecedentedly small 
overpotential of 210 mV to achieve a current density 
of 10 mA cm–2. This result makes Sr2CoIrO6−δ the most 
efficient perovskite-based solid-state catalyst for OER. The 
authors carried out an extensive set of measurements on 
polycrystalline Sr2CoIrO6−δ to identify the real active sites 
and to understand the mechanism of OER. Polycrystalline 
samples of Sr2CoIrO6−δ were synthesized with a solid-state 
reaction method. The crystal structure and morphology 

were investigated with X-ray diffraction and a transmission 
electron microscope to prove that approximately 90% 
of the Co/Ir ions were ordered on alternate sites in three 
dimensions of the double perovskite structure. Linear 
sweep voltammetry was implemented to quantify the 
OER activity of the electrocatalysts; the results showed an 
activity order of Sr2CoIrO6−δ > IrO2 > SrIrO3−δ> SrCoO3−δ. It 
was further shown that Sr2CoIrO6−δ exhibited an iridium 
mass activity 0.84 A mg-1

Ir, which was approximately 7.0 
and 5.6 times that of SrCoO3−δ (0.12 A mg-1

Ir) and IrO2 

Fig. 1: Rapid operando spectral characterizations. (a,b) Co-K edge and Ir-L3 edge XANES spectra of Sr2CoIrO6−δ electrocatalyst at varied applied voltage. 
(c,d) 3D operando Fourier transforms of EXAFS spectra at (c) Co-K edge and (d) Ir-L3 edge as a function of applied potential, with corresponding 
enlarged-scale 2D contour plots of the Co-O and Ir-O ranges. The EXAFS data are not corrected for phase shift. (e,f) Co-O and Ir-O bond lengths 
in Sr2CoIrO6−δ electrocatalyst under applied potential extracted from EXAFS fitting. The applied voltage is referred to the reversible hydrogen 
electrode. [Reproduced from Ref. 1]
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(0.15 A mg-1
Ir), respectively. Sr2CoIrO6−δ possessed the 

smallest Tafel slope (54 mV dec-1), indicating that it had 
the best reaction kinetics of all other Co- and Ir-containing 
control electrocatalysts. 

More importantly, using rapid operando X-ray absorption 
near-edge spectroscopy (XANES) measured at TPS 44A,1 
the true active sites and the evolution of their valence 
states in Sr2CoIrO6−δ were examined at the Co-K and Ir-L3 
edges during the OER. It is well known that XANES spectra 
at the 3d element K edge are highly sensitive to the valence 
state: an increased valence state of the metal ion by one 
unit typically causes an energy shift of the absorption edge 
by more than 1 eV (e.g. 2.3 eV from Co2+ to Co3+ and 1.5 
eV from Co3+ to Co4+). Figure 1(a) shows the operando 
Co-K XANES spectra of the Sr2CoIrO6−δ catalyst under OER. 
The pristine Sr2CoIrO6−δ shows Co ions in Co3+ state in the 
Co K-edge XANES spectrum, which was also confirmed 
by Co L-edge soft X-ray absorption spectra measured at 
TLS 11A1. Upon increasing the applied voltage, the Co-K 
XANES spectra of Sr2CoIrO6−δ gradually shifted to increased 
energies up to 0.5 eV at 1.8 V. This effect indicates a 
transition from Co3+ state to Co4+ state in Sr2CoIrO6−δ. 
Compared with the Co3+ and Co4+ reference materials 
EuCo3+O3 and BaCo4+O3, the average Co valence state of 
Sr2CoIrO6−δ was estimated to be +3.3 at 1.8 V, and nearly 
+3.4 in SrCoO2.7. Similarly, the XANES Ir-L3 edge spectra of 
Sr2CoIrO6−δ were recorded as a function of applied voltage 
as shown in Fig. 1(b), and compared with spectra of Ir 
reference materials SrIrO3 for Ir4+, stoichiometric Sr2CoIrO6−δ 
for Ir5+, and Sr2CoIrO6 for Ir6+. The authors then established 
that the Ir-L3 edge significantly shifted to higher energy 
with increasing applied potential up to 1.8 eV, indicating 
a valency increase from Ir4+ to Ir5+, and further increased to 
the highest valence state of Ir6+ under OER conditions. The 
estimated average valence state of Ir was +5.4 at 1.8 V. The 
authors thus proved that operando Co-K and Ir-L3 XANES 
spectra showed that both Co and Ir ions are OER-active 
sites in Sr2CoIrO6−δ. This is the first observation of such a 
high valence state of Ir6+ under OER condition. 

Further, the authors studied the local coordination of the 
OER-active Co and Ir ions using operando extended X-ray 
absorption fine structure (EXAFS) spectra. 3D Fourier-
transform patterns of the Co-K and Ir-L3 edge spectra as a 
function of applied potential appear in Figs. 1(c) and 1(d); 
the evolution of Co-O and Ir-O bond lengths was obtained 
from fitting the EXAFS, as shown in Figs. 1(e) and 1(f). The 
Co-O bond length was found to decrease only slightly with 

increasing applied voltage (Fig. 1(e)), but the Ir-O bond 
length showed a gradual decrease from 2.048(7) Å at 1.0 
V to 1.984(8) Å at 1.55 V and became nearly constant for 
1.6–1.8 V (Fig. 1(f)). Using a known relation2 between Ir-O 
bond distance and the corresponding Ir oxidation state 
that showed the Ir-O bond length decreases by 0.039 Å 
per oxidation state, the Ir oxidation state under operando 
condition was independently estimated from ≈5 at 1.4 
V to ≈5.4 for 1.6–1.8 V. This result is consistent with the 
oxidation state obtained from the white line shift of the 
XANES analysis and supports the presence of a high valence 
state of Ir6+ under OER conditions. 

To understand the origin of the ultrahigh OER in the 
Sr2CoIrO6−δ system, the authors made calculations with 
density-functional theory (DFT). They employed supercell 
calculations of SrCoO3−δ embedded with Ir to show that the 
electron density surrounding the Ir-O-Co path increases 
with respect to the Co-O-Co path. This effect indicates 
stronger bonding between Ir/Co 5d/3d and O 2p states, 
thereby supporting the important role of 5d/3d electrons in 
bonding synergistically to enhance OER activity. 

The authors concluded that the special double perovskite 
structure with multiple metal-active sites, three-
dimensional ordering and a corner (or edge)- sharing 
network via O atoms is well suited to maximize synergistic 
effects and is expected to break through the limit of the 
OER bottleneck for water splitting. (Reported by Ashish 
Chainani)

This report features the work of Zhiwei Hu, Jian-Qiang 
Wang, Linjuan Zhang and their collaborators published in 
Adv. Functional Mater. 31, 2104746 (2021). 
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