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Charge fluctuations in a cluster Mott state: Hard x-ray photoemission study
on a breathing kagome magnet Nb;Clg
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We report on our hard x-ray photoemission study of Nb;Clg, wherein the breathing Kagome lattice of Nb
provides interesting magnetic properties with spin 1/2 per Nb trimer. The Nb 3ds,, and 3d3,, core level peaks
are accompanied by satellite peaks, suggesting the importance of Nb 4d charge degrees of freedom. The Cl 1s and
2p core level spectra have high binding energy peaks which can be assigned to the Cl site with Cl 3p ligand holes
near the center of the Nb trimer. The core level spectra indicate that the Nb-Nb and Nb-Cl charge fluctuations
play crucial roles in the magnetic interaction between the trimers.
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Introduction. Transition-metal compounds with partially
filled 1, orbitals often exhibit dimerization or trimerization of
transition-metal ions due to the molecular orbital formation of
the 15, orbitals [1]. Examples include dimers formed in VO,
[2,3] and MgTi,04 [4,5]; trimers in LiVO, [6,7], BaV¢O;s
[8,9], and CsW,0¢ [10,11]; and even octamers in Culr,Sy
[12,13]. The formation of such multimers in the partially filled
I, level can be described by the orbitally induced Peierls
mechanism [14,15]. In contrast to the multimer formation
in the aforementioned transition-metal compounds, pairs
along the c axis are already built in corundum-type Ti,O3
where Ti-Ti bond length is shortened below 450 K due to the
molecular orbital formation by 1, orbitals [2,16-18]. Very
recently, Ti’*/Ti** charge fluctuation of the Ti-Ti pair in
Mg substituted Ti O3 has been revealed by photoemission
spectroscopy [19].

Mo trimers are naturally incorporated in the breathing
Kagome layer of LiZn,Mo3Og and Zn,Mo30g [20,21]. While
the Mo valence is +4 with the tzzg configuration in Zn,Mos3Os,
the average Mo valence in LiZn,Mo3Oyg is 4+3.67 with seven
I, electrons per Mo trimer. The Mo trimers in Zn,Mo3;0g
are nonmagnetic since the six f,, electrons fully occupy the
three bonding molecular orbitals of the trimer. However, in
LiZn;Mo30g, where the seven Mo 4d electrons are confined
in the Mo trimer, each trimer can have localized spin 1/2. This
situation can be viewed as a cluster Mott insulating state [22].
In LiZn;Mo;0Og, the localized spins of the Mo trimer form a
geometrically frustrated triangular lattice providing the exotic
spin liquid behavior [20,21]. Recently, Nikolaev, Solovyev,
and Streltsov theoretically demonstrated that charge degrees
of freedom allow a plaquette spin singlet state on the breathing
Kagome lattice [23].

NbsClg is another striking Kagome system with Nb trimers
as illustrated in Fig. 1(a) [24]. Such trimerization in the
Kagome lattice with d2 ions (such as Ti**, V3*, and Nb**)
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would be explained by the orbitally induced Peierls mech-
anism. As shown in Fig. 1(b), one of the 1,, orbitals with
¥z, zx, or xy symmetry can form a quasi-one-dimensional
band along one of the chain directions of the Kagome lat-
tice. Since the one-dimensional band is half filled, each chain
undergoes dimerization similar to VO,. The dimers indicated
by the thick lines in Fig. 1(b) can form the trimer with six
I, electrons providing the nonmagnetic ground state. Indeed,
Na, Ti3Clg with Ti** undergoes Ti trimerization with suppres-
sion of magnetic susceptibility [26—30]. In Nb3Clg, the Nb
trimer accommodates one extra #, electron relative to the Ti
trimer of Na,Ti3;Clg and hosts localized spin 1/2 [24,31,32].
When the transfer integrals between the neighboring Nb 4d
orbitals in the trimer are much larger than those between the
trimers, Nb3Clg can be viewed as a cluster Mott insulator
and the Nb trimers form a triangular lattice, as proposed by
Haraguchi et al. [32] and confirmed by Sun et al. and Gao etal.
using angle-resolved photoemission spectroscopy (ARPES)
[33,34]. The spin 1/2 triangular lattice of the cluster Mott
insulating state is a new playground to study spin liquid states
and exotic superconductivity [35,36]. Interestingly, Nb;Clg
exhibits a further magnetic-nonmagnetic transition around
90 K, although degeneracy of orbital channel is already
lifted. Haraguchi et al. proposed charge disproportionation
between the trimers as an origin of the magnetic-nonmagnetic
phase transition [32]. On the other hand, the recent ARPES
work on Nb3;ClgBr, reported bonding-antibonding splitting
of the lower Hubbard band [34], suggesting importance of
hybridization between the trimers which can be mediated by
the ligand orbitals.

Despite the highly interesting magnetic properties, fun-
damental electronic structure of Nb;Clg including the ef-
fect of ligand orbitals has not been clarified yet through
bulk-sensitive core-level spectroscopy measurements. In this
study, hard x-ray photoelectron spectroscopy (HAXPES) was

©2024 American Physical Society
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FIG. 1. (a) Crystal structure of Nb;Clg illustrated by VESTA [25].
(b) Possible orbital ordering for trimers formed by local d? ions.

performed on Nb;Clg to elucidate its unique electronic prop-
erties. The Nb3d core-level HAXPES spectra indicate the
importance of Nb4d charge degrees of freedom. In addition,
the Cl 1s and 2p core-level HAXPES spectra show that the
Cl site just above/below the Nb trimer deviates from Cl~,
suggesting the Cl 3p state is involved in the charge excitation
between the trimers.

Methods. HAXPES measurements were conducted at the
Max-Planck-NSRRC HAXPES endstation [37], Taiwan un-
dulator beam line BL12XU of SPring-8, with 6.5 keV photon
energy. The probing depth is determined by the inelastic mean
free path of the photoelectrons (with the kinetic energy of
5.5-6.5 keV) which is estimated to be about 4—5 nm in the
universal curve [38] and is calculated to be about 10 nm for
various inorganic compounds [39]. The x-ray incidence angle
was 15 degrees with respect to the sample surface, and the
photoelectron detection angle was 15 degrees off from the
surface normal of the sample and parallel to the E vector
of the x-ray. Single crystals were cleaved under ultrahigh
vacuum of 1076 Pa at 300 K to obtain clean sample surfaces
as confirmed by survey scans (Fig. S1 in the Supplemental
Material [40]). Since the sample was moderately charged up,
the binding energy was corrected to set the lowest energy
Nb4d peak at ~0.75 eV as reported in the ARPES studies
[33,34]. After the correction, the Nb 3ds,, peak is located at
204.8 eV which is close to the value report by Yoon et al. [41].
The measurements were performed at 300 K. The total energy
resolution was about 300 meV. Generalized gradient approxi-
mation (GGA)-based band structure calculations were carried
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FIG. 2. (a) Cl1s and (b) C12p HAXPES spectra and the fitted
results by using four Voigt functions and eight Gaussian functions,
respectively, with the relative energy positions for Cl No. 1, No. 2,
No. 3, and No. 4 obtained from the GGA calculation and the intensity
ratio of 1:1:3:3. (c) Cl 3s partial density of states (PDOS) calculated
by GGA. The PDOS is decomposed into contributions from the Cl
No. 1, No. 2, No. 3, and No. 4 sites in Fig. 1(a). The center of gravity
for each energy distribution is indicated by the vertical dashed bars
for Cl No. 1, No. 2, No. 3, and No. 4.

out using QUANTUM ESPRESSO 6.8 and 7.2 [42]. We em-
ployed pseudopotentials of Nb.pbe-spn-kjpaw_psl.1.0.0.UPF
and Cl.pbe-n-kjpaw_psl.1.0.0.UPF, with the kinetic energy
cutoff of 30 Ry and the charge density cutoff of 150 Ry.
Results. Figure 2(a) shows the experimental Cl 1s spectra
(solid curve), revealing a prominent sharp peak accompanied
by a second peak or shoulder approximately 1 eV higher in
binding energy, constituting roughly one-eighth of the overall
intensity. Figure 2(b) exhibits the experimental CI 2p spectra
(solid curve), where two primary peaks are observed, as ex-
pected from the 2p3,> and 2py, splitting. Additionally, a third
smaller peak, roughly 1 eV higher in binding energy than the
second peak, is evident. Notably, the main peaks for 2p;/,
and 2p,;, show some finer structure. The presence of these
extra peaks and the complex structure that the experimental C1
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core levels display can be explained from the presence of four
different Cl sites with significantly different environments.
Figure 2(c) shows a close-up of the Cl3s partial density of
states (PDOS) obtained through ab initio GGA calculations,
revealing significant differences in the PDOSs of the four Cl
sites. The weights of the PDOS for each of the sites No.
1-No. 4 correspond to the ratio given by the multiplicity of
each site (1:1:3:3). The PDOSs of sites No. 1, No. 3, and
No. 4 located at higher energies (lower binding energy)
exhibit broader features due to CI-Cl band formations.
In contrast, Cl No. 2, situated at the center of the
trimers, has a significantly lower energy (higher bind-
ing energy) due to its stronger Nb-Cl hybridization with
the trimer.

From these calculations, we use the center of masses of the
PDOS of each of the Cl sites as an estimate of their on-site
energy. To model the Cl Ls spectrum, we employ four Voigt
functions (with common Gaussian and Lorentzian widths to
account for experimental resolution and core-hole lifetime)
with their energy separations obtained from the calculation for
each Cl site and their intensity ratio of 1:1:3:3 corresponding
to the site multiplicities. The simulation, depicted in Fig. 2(a),
aligns well with the experimental data, demonstrating that the
higher binding energy peak corresponds to the contributions
of Cl No. 2. A similar approach is taken for the C12p spec-
trum, utilizing four functions for the 2p3,, and four more for
the 2py 2, split by the spin-orbit coupling and with the inten-
sity ratio of 2:1. For the CI 2p, the Lorentzian broadening was
set to zero due to the longer core-hole lifetime. The results of
the fit, shown in Fig. 2(b), agree closely with the experiments,
revealing that the third peak originates from the Cl2p;,, of
site No. 2, and that the fine structure observed in the main
two peaks are due to the energy differences in site No. 3 and
No. 4. The occupations of Cl3p at Cl No. 1, No. 2, No. 3,
and No. 4 are calculated to be 5.19, 4.96, 5.23, and 5.14. The
number of Cl13p holes of Cl No. 2 (at the center of the Nb
trimer) is by 0.2-0.3 larger than the other Cl sites. Without
trimerization, Cl No. 1 and No. 2 (No. 3 and No. 4) are
equivalent, and the calculated Cl 2p spectra in an undistorted
lattice fail to reproduce the experimental spectra as shown in
Fig. S2 in the Supplemental Material [40]. In the literature,
the Cl2p3; peak is located around 199 eV for Cl~, 206 eV
for Cl1O3, and 208 eV for CIO, [43]. The Coulomb potential
for the core level becomes deeper with less Cl3p electrons
due to stronger Cl3p-Nb4d hybridization or larger charge
transfer from Cl3p to Nb4d. The Cl2p3/, peak for Cl No. 3
is located around 199.2 eV which is close to that of C1™, con-
sistent with the weakest hybridization and the smallest charge
transfer between Nb and Cl. On the other hand, the Cl12p3/,
peak for Cl No. 2 is about 200.7 eV, indicating that number
of Cl3p electrons is considerably reduced due to the strong
hybridization between Nb and Cl. Here, it should be noted
that the surface-sensitive Cl2p spectra with 240 eV photon
energy reported in the Supplemental Material by Gao et al.
[34] is largely different from those in the present HAXPES.
This may indicate that the electronic structure of the surface
layer is different from the bulk.

As depicted in Fig. 3, the Nb3d HAXPES peaks of
the 5/2 and 3/2 branches are respectively accompanied
by shoulders at the higher energy side. In various 4d
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FIG. 3. Nb3d HAXPES spectra with 7v = 6500 eV for Nb;Clsg.
The Nb3ds;, and 3ds;;, main peaks are accompanied by satellite
features.

and 5d transition-metal oxides (including Ca;_,Sr,RuOy4
[44-47], CaCuszRusO;, [48-50], Bas_,SryNbsO;s [51,52],
and CsW;Og [53]), such shoulder peaks and the main peaks
are often observed and are attributed to the well and poorly
screened final states. This screening arises from moderately
correlated 4d or 5d electrons with relatively large band width.
On the other hand, such screening effect is not available in
Nb3Clg which is a good insulator with a relatively large band
gap. As shown in Fig. S3 in the Supplemental Material [40],
the Nb3d spectra of Nb3;Clg can be fitted by four Gaus-
sians assuming main and satellite peaks for the 5/2 and 3/2
branches, and the area ratio of the satellite peak to the main
peak is thus estimated to be about 1.0. It is tempting to assign
the main and satellite peaks to the Nb>* and Nb** states
in the ground state since the formal valence of Nb is +2.67
in Nb3Clg. Since Nb>* : Nb** = 1: 2, as expected from the
composition, and the core level binding energy of Nb** is
higher than that of Nb**, the area ratio of the lower binding
energy peak to the higher one should be 0.5. However, it can
clearly be seen that the ratio significantly deviates from 0.5. In
this context, the trimer in Nb;Clyg is different from the octamer
of Culr,S4 [54] and the dimer of LiRh,O4 [55] where the main
and satellite peaks are assigned to different valence states.
Figure 4(a) shows the total DOS and PDOSs calculated
by GGA for virtual structure with an undistorted Kagome
lattice of Nb. The 15, band represented by the 3Z* — R?

((xy 4+ yz + zx)/+/3) component mixed with XY and X2 — Y2
is distributed from —1.5 eV to 1.5 eV [The X and Y axes
are indicated in Fig. 1(a)]. The #,, band exhibits a finite en-
ergy gap around 0.2 eV due to the xy-yz, yz-zx, and zx-xy
transfer integrals between the three Nb sites in the unit cell
of the undistorted Kagome lattice. In this context, if all the
Nb sites were 3+, the undistorted d> Kagome system would
be a band insulator. Figure 4(b) displays the total DOS and
PDOSs for real structures with a breathing Kagome lattice
of Nb. The Nb4d bands around 1 and 2 eV below the
Fermi level have the character of bonding molecular orbitals
in the Nb trimer. The 2 eV peak corresponds to the la
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FIG. 4. Calculated density of states (DOS) and Nb4d PDOS
(a) for virtual structure with a regular Kagome lattice of Nb and
(b) for real structure with a breathing Kagome lattice of Nb. The
Nb4d PDOS is decomposed into 32> — R?, ZX, YZ, X> — Y?, and
XY orbitals. (c) Valence-band HAXPES spectra with hv = 6500eV
of the Nb4d and Cl3p bands. The HAXPES spectra are compared
with the simulated spectra which are obtained from the PDOS (below
the Fermi level) for the real structure and the photoionization cross
section of each subshell. The calculated density of states is broadened
considering the energy resolution of 300 meV and shifted by 0.76 eV
toward the lower energy (higher binding energy) side considering the
Mott gap.

molecular orbital in the Nb trimer, accommodating two elec-
trons per trimer. The 1 eV peak is derived from the le
molecular orbitals which are doubly degenerate and accom-
modate four electrons per trimer. Since Nb3;Clg has seven
electrons per trimer in the Nb4d states, the Fermi level is
located at the Nb4d band derived from the 2a; molecular
orbital. The Nb4d t,, orbital component is redistributed by
the trimerization, and the peak at the Fermi level is dominated
by the 3Z% — R? or aj,, orbital mixed with the 7 orbital.

In Fig. 4(c), the valence band spectra of Nb;Clg display
the C13p and Nb4d states in the energy range from 4 to 9 eV
and that from 1 to 4 eV, respectively. The Nb 4d states consist

of the three peaks around 2.7, 1.9, and 0.7 eV. The 0.7 eV
peak can be assigned to the 2a; molecular orbital of the trimer
which is expected to be half-filled in the cluster Mott insulator
state of Nb3Clg. The half-filled 2a; states is split into the
lower and upper Hubbard bands as theoretically demonstrated
in the previous studies [34,56,57] as well as the GGA+U
calculation shown in Fig. S6 of the Supplemental Material
[40]. The simulated spectra obtained from the PDOSs calcu-
lated by GGA and the photoionization cross section [58,59]
are compared with the experimental results. Here, we assume
that the highest occupied band (2a;) is half-filled and the
entire spectrum is shifted to the lower energy (higher binding
energy) due to the Mott gap. Except for the underestimation of
the Cl3p binding energy, the overall structure of the valence
band HAXPES spectra is consistent with the calculated DOS.

Discussion. Considering the small band width of the half-
filled band (2a;) in the calculation shown in Fig. 4(b), it is
plausible that relatively weak electron-electron interaction in
the 2a; band may lead to opening of a Mott gap [35,36]. This
aligns with the scenario of the cluster Mott insulator. If the
Nb4d electrons in the 2a; band are itinerant (namely, if the
system is close to a metal-insulator transition), the Nb 3d core
level spectra should exhibit well- and poorly screed features
as seen in the undoped cases including CaVO3; and Ca;RuQOy4
[60-63], and the doped cases including Ba;NbsO;5 [51,52].
The absence of the well- and poorly-screed features in the
Nb 3d core level spectra of NbsClg indicates that the Nb 4d
electrons in the 2a; band are highly localized. In the ground
state, the 2a; electron is evenly distributed among the three
Nb sites, and it is trapped by the core-hole potential in the
final states, giving rise to the main and satellite peaks in the
Nb 3d core level spectra.

Examining the valence band spectra, the spectral weight ra-
tio of the 1.9 eV peak (le) to the 2.7 eV peak (1a;) is expected
to be two according to their degeneracy. However, in the ex-
perimental result, the 1.9 eV and 2.7 eV peaks are much wider
than the simulation and exhibit comparable height, suggesting
electronic correlation effect. When an electron is removed
from the fully occupied la; or le orbitals, the remaining 1a;
or le electrons can couple with the unpaired 2a; electron
providing energy splitting. Since the energy splitting for le
is larger than for 1a; due to its orbital degeneracy, the 1.9 eV
peak can be much more strongly broadened. In addition, it is
anticipated that the electron in the 0.7 eV peak (2a;) is also
correlated with the other Nb4d electrons participating in the
la; and le orbitals at each Nb site. Such correlation effect may
drive the system toward a Nb>*/Nb** mixed valence state
if the Nb-Nb transfer integral is smaller than the multiplet
coupling between the Nb 4d electrons. Moreover, the analysis
of the Cl1ls and 2p spectra suggests importance of charge
transfer from Cl to Nb. The C13p PDOS in the valence band
is plotted in Fig. S5 in the Supplemental Material [40]. The
Cl3p orbitals at the Cl No. 2 site are strongly hybridized
into the unoccupied part of the Nb4d band corresponding to
la, and 3e. When the electron in 2a; is excited, the Cl3p
weight is redistributed and mixed into the final state with
2a; symmetry. The Nb-Nb and Nb-Cl fluctuations cause the
plaquette-type magnetic coupling between the trimers [23],
potentially leading to the magnetic-nonmagnetic transition at
90 K. Indeed, the bonding-antibonding splitting of the 2a;
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band reported by Gao et al. [34] is consistent with the singlet
bond formation via the Nb-Cl charge transfer channel.

In summary, our investigation employed hard x-ray pho-
toemission spectroscopy to explore the electronic structure of
the breathing Kagome magnet Nb;Clg. The Nb 3d core level
spectra revealed main and satellite peaks, highlighting the sig-
nificance of Nb4d charge degrees of freedom and electronic
correlation. Analysis of the Cl 1s and 2p core level spectra
indicated the presence of a Cl3p ligand hole at the CI site
just above/below the Nb trimer. These findings collectively
suggest that the magnetic interaction between the spin 1/2
trimers is influenced by Nb-Nb and Nb-ClI charge fluctuations.
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