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Resonant inelastic x-ray scattering (RIXS) can probe electron-hole excitations in excitonic insulators (EIs) which are realized by Coulomb attractive interaction between electrons and holes in semimetals or narrow gap semiconductors. In the present article, we review the exotic electronic state of an EI candidate Ta2NiSe5 which is probed by Ni 2p-3d RIXS as well as Ni 2p x-ray photoemission/absorption spectroscopy. The RIXS results on the exotic electronic state under the electron-hole and electron-lattice correlations suggest requirement of a new theoretical scheme which can describe itinerant electron-hole excitations and the localized charge-transfer excitations as well as the electron-lattice interaction.
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1 INTRODUCTION TO EXCITONIC INSULATORS AND A LAYERED CHALCOGENIDE TA2NISE5
In narrow gap semiconductors or semimetals, the attractive Coulomb force between electrons and holes can induce an excitonic insulator (EI) ground state when the band gap energy, EG is smaller than the electron-hole binding energy. A canonical phase diagram is illustrated in Figure 1A. The EI phase appears in between the semiconductor phase (EG > 0) and the semimetal phase (EG < 0). The phase transition to the EI state can be viewed as a Bose-Einstein condensation of electron-hole pairs. As shown in Figure 1B, the attractive Coulomb force between electrons and holes creates a band gap at the Fermi level in the EI phase. The pioneering theories in 1960s (Mott, 1961; Jerome et al., 1967; Zittartz, 1967; Halperin and Rice, 1968) were followed by more detailed theoretical works revealing BCS-BEC crossover from the semimetal side to the semiconductor side of the phase diagram (Bronold and Fehske, 2006; Bronold and Fehske, 2006; Ihle et al., 2008; Phan et al., 2010).
[image: Figure 1]FIGURE 1 | (A) Canonical phase diagram of EIs as a function of band gap energy, EG and temperature T. The arrow indicates a photo-induced phase transition from the EI state to the semimetal states (B) Typical band structure for the semimetal, EI, and semiconductor states. (C) Crystal structure of Ta2NiSe5 in the a-c plane and NiSe4 tetrahedron with the ligand field splitting of the Ni 3d orbitals. Ni chains run along the a-axis. (D) Ni 2p XPS spectra of Ta2NiSe5 and Ta2NiS5 reproduced from the literature (Chiba et al., 2019). The solid curve represents a theoretical spectrum calculated by a NiSe4 cluster model. (E) Ni 2p XAS spectra of Ta2NiSe5 taken by TEY with linearly polarized x-ray of normal incidence (0o) and grazing incidence (60o). (F) Ta, Ni, and Se PDOS calculated by GGA for Ta2NiSe5 reproduced from the literature (Takahashi and Mizokawa, 2022). (G) Ni 3d orbital-resolved PDOS by GGA.
In spite of the theoretical achievements, experimental studies on EIs have been limited to a few materials such as Tm(Se,Te) (Neuenschwander and Wachter, 1990; Bucher et al., 1991; Wachter et al., 2004). EI nature of Tm(Se,Te) is not well established partly due to its magnetism. TiSe2 is known to exhibit a charge density wave (DiSalvo et al., 1976). The origin of the charge density wave has been investigated by angle-resolved photoemission spectroscopy (ARPES) (Pillo et al., 2000; Rossnagel et al., 2002; Qian et al., 2007; Zhao et al., 2007). While the importance of electron-lattice interaction was emphasized in the early stage, the EI scenario of the charge density wave has been proposed based on ARPES results of TiSe2 (Pillo et al., 2000; Cercellier et al., 2007; Monney et al., 2009; Monney et al., 2010). The nature of the electron-hole excitations has been revealed by ARPES (Monney et al., 2012a), electron energy loss spectroscopy (Kogar et al., 2017), and resonant inelastic x-ray scattering (RIXS) (Monney et al., 2012b). The optical control of the band folding and the band gap has been achieved by time-resolved ARPES (Rohwer et al., 2011; Monney et al., 2016; Huber et al., 2024) and time-resolved RIXS (Lu et al., 2020).
In real materials, EI states are accompanied by various structural distortions since the symmetry broken electronic states can be stabilized further by electron-lattice interaction. In the case of TiSe2, the possible EI phase exhibits the 2 × 2 × 2 superstructure corresponding to the momentum transfer between the valence band top at Γ point and the conduction band bottom at L point in the hexagonal Brillouin zone. A layered transition-metal chalcogenide Ta2NiSe5, in which tetrahedrally coordinated Ni sites and octahedrally coordinated Ta sites form chains along the a-axis (see Figure 1C), undergoes structural phase transition from orthorhombic to monoclinic around 328 K (Sunshine and Ibers, 1985; DiSalvo et al., 1986; Canadell and Whangbo, 1987) which is proposed to be a transition to the EI state by ARPES (Wakisaka et al., 2009; Wakisaka et al., 2012) and by theoretical calculations (Seki et al., 2011; Kaneko et al., 2013). The valence band top and the conduction band bottom are located at Γ point in Ta2NiSe5 as well as in Ta2NiS5. Among the EI candidates, Ta2NiSe5 without superstructure and magnetism provides an ideal platform to study a possible EI state by means of various experimental and theoretical techniques. The electron-hole fluctuations above the transition temperature have been revealed by comparison between ARPES and calculations beyond mean field approximation (Seki et al., 2014). The pseudogap behavior above the transition temperature (Seki et al., 2014) suggests that the possible EI state falls in the BEC regime of the BCS-BEC crossover (Ejima et al., 2014). S substitution for Se and physical pressure can control EG and the transition temperature, and their variations are consistent with the phase diagram of EIs (Lu et al., 2017). On the other hand, optical measurements have revealed importance of electron-lattice interaction (Larkin et al., 2017; Larkin et al., 2018; Werdehausen et al., 2018). The monoclinic distortion and the band gap can be suppressed by pressure (Nakano et al., 2018), and Ta2NiSe5 exhibits pressure-induced superconductivity at low temperatures (Matsubayashi et al., 2021). The existence of the lattice distortion indicates that the possible EI state of Ta2NiSe5 falls in the q = 0 charge-density wave class among the four classes of EI states (charge-density wave, charge-current-density wave, spin-density wave, and spin-current-density wave) (Halperin and Rice 1968). It would be interesting to note that the spin-current-density wave class was proposed for NiGa2S4 based on ARPES (Takubo et al., 2010). When the EI states are formed purely by the electron-hole Coulomb interaction, their charge excitations are characterized by the gapped amplitude mode and the gapless phase mode (Kogar et al., 2017). In Ta2NiSe5, the q = 0 charge-density wave state is accompanied by the monoclinic distortion, indicating that the phase mode excitation is gapped and mixed with phonon excitations (Murakami et al., 2020). Even though the phase of the order parameter is locked by the lattice distortion, the band gap in the single-particle excitation and the amplitude mode gap in the charge excitation may exhibit interesting optical response. Indeed, the band gap of Ta2NiSe5 can be enhanced (Mor et al., 2017) or can be destroyed (Okazaki et al., 2018) by optical excitations with the 100 fs time scale while the nonthermal structural transition is inhibited (Mor et al., 2018). The dynamics of the electron-hole pairs governs the photoinduced phase transition to a semimetal state and the subsequent recovery of the insulating state (Okazaki et al., 2018). In the exotic electronic state with the monoclinic distortion, it is likely that the charge gap is mainly created by the electron-hole interaction. In the current research activities, such a situation is frequently denoted as a “EI state” in a broad sense even though the phase mode is gapped. The band structure of the monoclinic phase in Ta2NiSe5 and Ta2Ni(Se1-xSx)5 is probed by ARPES (Lee et al., 2019; Fukutani et al., 2019; Watson et al., 2020; Mazza et al., 2020; Fukutani et al., 2021; Hattori et al., 2023) while the excitations across the band gap can be observed by scanning tunnelling spectroscopy (He et al., 2021) and optical spectroscopy (Volkov et al., 2021; Ye et al., 2021; Okamura et al., 2023). The unoccupied part of the band structure was studied using two-photon-photoemission spectroscopy (Mor et al., 2022). However, a drastic photo-induced phase transition from the insulating state to a nodal-line semimetal state was probed (Okazaki et al., 2018) using time-resolved ARPES at high fluence supporting the EI scenario. The details of the photo-induced phase transition have been revealed by transient optical spectroscopy (Kim et al., 2021; Bretscher et al., 2021; Miyamoto et al., 2022) and time-resolved ARPES (Mitsuoka et al., 2020; Liu et al., 2021; Saha et al., 2021; Suzuki et al., 2021; Takahashi et al., 2023; Baldini et al., 2023). In particular, in the result by Baldini et al., Ta2NiSe5 did not show the photo-induced semimetal state suggesting that the band gap is created by the monoclinic lattice distortion. The different behaviours against the photo-excitations are not fully understood yet. The interplay between the electron-hole interaction and the electron-phonon interaction has been elucidated by the recent pump-probe optical measurements (Haque et al., 2024; Jiang et al., 2024). A more recent EI candidate Ta2Pd3Te5 (Zhang et al., 2024; Huang et al., 2024) is accompanied by a relatively small lattice distortion. The relationship between the optical response of the band gap and the lattice distortion should be studied in a systematic manner in the EI candidate materials. The difference between Ta2NiSe5 and Ta2Pd3Te5 may indicate importance of the more localized character of Ni 3d states providing stronger electron-lattice interaction.
The unoccupied part of the band structure in the possible EI phase can also be observed by angle-resolved resonant inelastic x-ray scattering (RIXS) at the Ni 2p-3d absorption edge of Ta2NiSe5 (Monney et al., 2020). When the interaction between the core hole and the excited electron is strong enough, the RIXS spectra can be interpreted as charge/orbital/spin excitations of the localized electrons (Kotani and Shin, 2001; Ament et al., 2011). In various 3d transition-metal oxides with partially filled 3d subshell, the RIXS spectra at transition-metal 2p to 3d excitations are usually interpreted using localized models such as the NiO6 cluster model for NiO and the NiSe4 cluster model illustrated in Figure 1C for the title system. In case of Ta2NiSe5, the Ni 3d orbitals are almost fully occupied, and the interaction between the Ni 2p core hole and the conduction band electron is rather weak (Monney et al., 2020). In this situation, the RIXS spectra can be interpreted by the electron-hole excitations between the valence and conduction bands as first proposed by Monney et al. for TiSe2 (Monney et al., 2012b). Here, it should be noted that the electron-hole Coulomb interaction creates the band gap of the single-particle excitation (or the amplitude mode gap of the charge excitation) in canonical EIs. The electron-lattice interaction also contributes to create the band gap. In the case of Ta2NiSe5, the photoinduced semimetal state with the monoclinic distortion indicates importance of the electron-hole Coulomb interaction. Please note that the electron-hole excitations across the amplitude mode gap are different from the excitons.
In the present contribution, RIXS studies on the EI candidates including Ta2NiSe5 are reviewed with theoretical overviews. After the brief introductory description of EI candidates in Section 1, x-ray photoemission spectroscopy (XPS) and x-ray absorption spectroscopy (XAS) of Ni 2p core level in Ta2NiSe5 will be reviewed in Section 2. In Section 3, angle-resolved RIXS results on Ta2NiSe5 will be reviewed to discuss electron-hole excitations across the band gap. The XAS, XES, and RIXS results suggest that Ta2NiSe5 deviates from the canonical EI state through the involvement of the localized Se 4p-Ni 3d charge-transfer excitation.
2 X-RAY SPECTROSCOPY (XPS, XAS, XES) OF TA2NISE5
Figure 1D shows Ni 2p XPS spectra of Ta2NiSe5 and Ta2NiS5 taken at room temperature retrieved from the literature (Chiba et al., 2019). The 2p3/2 and 2p1/2 main peaks are accompanied by satellite peaks which can be described by configuration interaction calculations on a NiX4 (X = S, Se) cluster model. In the cluster model, the ground state is given by a linear combination of d8, d9L and d10L2 configurations. The energy of d9L relative to that of d8 corresponds to the charge-transfer energy Δ. Then the energy of d10L2 is given by 2Δ + U where U is the on-site Coulomb interaction energy between Ni 3d electrons. The transfer integrals between the Ni 3d and S 3p/Se 4p orbitals are expressed by Slater-Koster parameters (pdσ) and (pdπ). With Δ = −2.5 eV, U = 3.0 eV, and (pdσ) = -2.2 eV, the main and satellite peaks can be reproduced as shown by the solid curve in Figure 1D (Chiba et al., 2019). The good agreement with the cluster model calculation suggests that the effect of the Ni 2p core hole is strong enough for the Ni 3d electrons with the moderate d-d Coulomb interaction and the Se 4p electrons providing the strong p-d hybridization. The Δ and 2Δ + U values are negative suggesting that the ground state is dominated by d9L and d10L2 rather than d8. Since the Ni 3d configuration is close to d10 and the 3d orbitals are almost fully occupied, the ground state would be compatible with the EI coupling between the Ni 3d hole and the Ta 5d electron. However, in the ground state obtained within the cluster model, the Ni 3d and Se 4p holes form a spin triplet state. It is rather complicated to create a nonmagnetic EI state starting from the spin triplet d9L/d10L2 state (in the Ni chain) and the two Ta 5d electrons (in the Ta double chains) in the unit cell. Scattering theory analyses starting from the DFT band structure may be applied to describe the Ni 2p XPS. The Cu 2p XPS spectra of CuS and CuS2 share the same problem (Goh et al., 2006; Laila et al., 2024) which should be examined in future.
Figure 1E shows XAS spectra of Ta2NiSe5 taken by total electron yield (TEY) with linearly polarized light of two different incident angles. The measurements were performed at 11ID-1 (SGM) of Canadian Light Source. The total energy resolution was 100 meV. The single crystals were cleaved under ultrahigh vacuum and measured without being exposed to the air. The base pressure of the XAS chamber was in the 10–8 Pa range. When the incidence angle is 0o, the polarization vector is parallel to the a-axis (chain direction). With the angle of 60o, the polarization vector has the out-of-plane component along the b-axis. The main absorption peak consists of two components A and B. In addition, the intense satellite peak (C) is observed at higher energy. The charge-transfer satellite may indicate that the Ni 2p XAS spectra should be analysed by the NiSe4 cluster model. However, the polarization dependence of the main peak cannot be explained by the cluster model, and it is rather compatible with the orbital-resolved density of states obtained by DFT.
The Ta, Ni, and Se partial densities of states (PDOSs) calculated by generalized gradient approximation (GGA) are shown in Figure 1F, which is extracted from the literature (Takahashi and Mizokawa, 2022). The Ni 3d states are almost fully occupied indicating d10 configuration. The Ni 3d states are mixed into the conduction band through the strong Ni 3d-Se 4p and Se 4p-Ta 5d hybridization. The orbital-resolved Ni 3d PDOSs are shown in Figure 1G. The polarization dependence of the Ni 2p XAS spectra in Figure 1E is consistent with the orbital-resolved PDOS. The zx component is dominant around 0.5 eV above the Fermi level, consistent with the enhancement of peak A at the polarization angle of 60o (with out-of-plane polarization component). The xy component around 1.5 eV gains its intensity for the polarization angle of 0o (in-plane polarization) in agreement with the enhancement of peak B. While the Ni 2p XPS spectra are governed by the local charge-transfer process, the excited electrons in Ni 2p XAS are rather itinerant and can be described by the band picture. The intense satellite structure of Ni 2p XAS remains as a mystery. This situation is similar to CuS and CuS2, where the Cu 3d orbitals are almost fully occupied and their Cu 2p XAS exhibits intense satellite structures (Goh et al., 2006; Laila et al., 2024). One possibility is that the Ni/Cu 3d component is strongly mixed with the conduction band (Ta 5d in Ta2NiSe5, S 3p in CuS or CuS2) providing the spectral weight of the satellites. Another possibility is that the satellites are derived from the transitions from Ni/Cu 2p to Ni/Cu 4s. In future, this problem should be examined by more sophisticated theoretical calculations.
3 ANGLE-RESOLVED RIXS OF TA2NISE5
The angle-resolved RIXS data at the Ni 2p-3d edge of Ta2NiSe5 have been reported by Monney et al. (2020) which were performed at the advanced resonant spectroscopies (ADRESS) beamline (Strocov et al., 2010) of the Swiss Light Source, Paul Scherrer Institute, using the super-advanced x-ray emission spectrometer (SAXES) (Ghiringhelli et al., 2006). In this experiment, the incident and scattered x-rays are parallel to the a-b plane of Ta2NiSe5 as shown in Figure 2A. [image: image] indicates the momentum transfer vector between the incident and scattered x-rays. Figure 2B shows the Ni 2p XAS taken with total fluorescence yield (TFY) at 30 K. The TFY result is basically consistent with the TEY one in Figure 1E. With the σ-polarization, the Ni 2p electron is mainly excited to the Ni 3d xy (in-plane) orbital corresponding to the absorption peak at 854.4 eV.
[image: Figure 2]FIGURE 2 | (A) Geometry of angle-resolved RIXS measurement. (B) Ni 2p XAS spectra (σ-polarization) of Ta2NiSe5. (C) RIXS map at 30 K as a function of incident energy and energy loss for the Ni 2p-3d excitation of Ta2NiSe5. (D) Ni 2p-3d RIXS spectra extracted from the low incident energy regions. (E) Angle-resolved Ni 2p-3d RIXS spectra along ΓX of Ta2NiSe5 taken with the σ-polarized x-ray of 853.3 eV (F) RIXS map as a function of in-plane momentum transfer [image: image] along ΓX and energy loss. The open circles indicate the edge of the electron-hole continuum extracted from the second derivative of the smoothed RIXS spectra. The figures are taken from the literature (Monney et al., 2020).
Figure 2C shows angle-resolved RIXS data for [image: image] ∼ [image: image] which are taken at 30 K with σ-polarized incident x-ray with energies across the Ni 2p-3d edge (Monney et al., 2020). In the 2-dimensional map as a function of incident energy and energy loss, the intense resonant spectral weight is observed at about 854.4 eV and the non-resonant one disperses from 853 eV up to 860 eV. Figure 2D shows RIXS spectra acquired in the low incident energy region of Figure 2C. With the incident energy at the shoulder of 853 eV (Ni 3d zx state in Figure 1G), the zx band near the Fermi level is enhanced.
The resonant peak around energy loss of −0.4 eV can be assigned to the electron-hole excitations across the band gap which is created between the Ni 3d zx valence band and the Ta 5d conduction band through the strong Ni 3d-Se 4p and Se 4p-Ta 5d hybridization. The zx orbital anisotropy is consistent with the enhancement of the −0.4 eV peak at the XAS excitation around 853 eV which is enhanced with the polarization along z. The XAS excitation involves the Se 4p hole character which may play important roles to realize the exotic insulating state of Ta2NiSe5 deviating from the canonical EI state.
Figure 2E shows angle-resolved RIXS spectra as a function of in-plane momentum transfer [image: image] along ΓX taken at 30 K (Monney et al., 2020). Clear dispersions of the resonant peaks are observed, especially below 2 eV energy loss. At [image: image] = 0.06 Å−1, the lowest energy excitation (leading edge) located around −0.4 eV corresponds to the electron-hole excitation with the zx orbital character in Figure 2D. The electron-hole excitation energy increases with [image: image]. The [image: image] dependence of the electron-hole excitations is estimated from the position of the leading edge of the angle-resolved RIXS spectra in Figure 2E and is indicated by the open circles in Figure 2F. The dispersion of the electron-hole excitations can be fitted to a parabolic curve with effective mass of 1.7 me. Assuming that the edge of the electron-hole continuum is a convolution of the dispersions of the valence band top (Lower and higher bounds of the valence band effective mass are estimated to be 0.4 me and 0.8 me from ARPES (Wakisaka et al., 2012)) and the conduction band bottom, the effective mass of the conduction band is estimated to be between 1.3 me and 0.9 me (Monney et al., 2020). A new theoretical scheme is required to understand the RIXS of EIs which fails in between the localized and itinerant regimes. In this context, the DFT-based dynamical mean field theory (DMFT) (Hariki et al., 2020) and the density matrix normalization group technique (Zawadzki et al., 2023) will be a powerful tool to understand the EIs in a systematic manner.
4 SUMMARY
When the transition-metal 3d orbitals are partially occupied, the transition-metal 2p-3d RIXS spectra are described by spin/charge/orbital excitations of the localized 3d electrons which gain their spectral weight through the strong 2p-3d interaction. On the other hand, the RIXS spectra of the EI candidates (TiSe2 with d0 and Ta2NiSe5 with d10) are dominated by electron-hole excitations in the Bloch orbitals rather than the spin/charge/orbital excitations in the atomic orbitals. These observations indicate that the charge/orbital excitations of the EI candidates are basically described by the band picture. As for Ta2NiSe5, the orbital-resolved excitation becomes possible by tuning the incident energy in the two components of the main peak of Ni 2p XAS. With the excitation at peak A, the zx orbital component, which is located near the Fermi level and governs the gap formation, is enhanced. A low energy RIXS excitation less than 0.4 eV is observed near the elastic peak and can be assigned to the excitations from the valence band to the conduction band. The momentum dependence of the leading edge of the electron-hole excitations enables us to estimate the dispersion of the conduction band. It is still challenging to observe interplay between the phase mode and the phonon excitation predicted by the theoretical works for the EI candidates (Murakami et al., 2020) which can be elucidated in future with higher energy resolution. The present work suggests that localized charge-transfer excitations affect the electron-hole dynamics of Ta2NiSe5 in addition to the non-trivial electron-lattice coupling.
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