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This study uses angle-resolved photoemission spectroscopy to examine the low-temperature electronic struc-
ture of Cs(V.95Nbg 05)3Sbs, demonstrating that partially substituting V atoms with isoelectronic Nb atoms results
in an increase of the bandwidth and enhanced gap opening at the Dirac-like crossings due to the resulting
chemical pressure. This increases the magnetic circular dichroism signal in the angular distribution compared
to CsV;Sbs, enabling detailed analysis of magnetic circular dichroism in several bands near the Fermi level.
These results substantiate the predicted coupling of orbital magnetic moments to three van Hove singularities
near the Fermi level at M points. Previous studies have observed that Nb doping lowers the charge density
transition temperature and increases the critical temperature for superconductivity. This article demonstrates that
Nb doping concomitantly increases the magnetic circular dichroism signal attributed to orbital moments.
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I. INTRODUCTION

The correlation between spontaneous electronic ordering
and spatial electronic modulations, including magnetism, chi-
rality, charge density waves (CDWs), and unconventional
superconductivity, is one of the key challenges to be solved in
contemporary condensed matter research [1-3]. In this field of
research, the layered canonical kagome compounds AV;Sbs
(A = K, Cs, Rb) [4] have recently emerged as an interesting
class of materials. Their electronic structure is characterized
by the presence of flat bands, multiple van Hove singularities
(VHSs), Dirac cones, and nontrivial band topology. These
materials therefore provide a unique platform for exploring
novel electronic states of matter with intertwined orders [1].
Of particular interest is the electronic superlattice observed at
low temperatures [4], which is commonly associated with a
CDW instability.

One of the most fascinating theory predictions is spon-
taneous breaking of the time-reversal symmetry in the
low-temperature CDW state of CsV3Sbs [5,6]. Indeed, this
prediction was confirmed by a number of experiments [7-17],
although other studies produced conflicting results [18-21],
such as a negligible spontaneous magneto-optical Kerr effect
[20].

Understanding the origin of the CDW and the nature of the
interplay between electronic and lattice degrees of freedom
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in CsV3Sbs therefore requires further studies [22-26]. Here,
pressure tuning provides a reversible method of adjusting the
balance between competing energy scales, allowing the study
of complex phase diagrams in these materials without intro-
ducing chemical disorder [27,28]. Indeed, a recent diffraction
study of CsV3Sbs showed that the CDW order undergoes
a transformation from a 2 x 2 superstructure to a fractional
3/8 CDW wave vector at higher pressures, challenging the
Peierls-like nesting scenarios [27].

Instead of tuning the electronic properties with hydrostatic
pressure, chemical pressure via the partial substitution of
atoms with isoelectronic atoms of different sizes can also
be used to tune the electronic structure and is compatible
with band structure measurements using angle-resolved pho-
toemission spectroscopy (ARPES). Indeed, a recent doping-
dependent study [29] demonstrated that the substitution of
Sb by Sn destabilizes the 2 x 2 superlattice, leading to the
formation of a superlattice similar to that observed in the
pressure-dependent study [27] at low temperatures. How-
ever, the doping-induced phase can exhibit shorter and highly
anisotropic correlation lengths within the a-b layers. On the
other hand, Nb substitution has been shown to lower the CDW
transition temperature and render the CDW superstructure
two-dimensional [30] while increasing the critical tempera-
ture for superconductivity [31].

Qualitatively, both doping and chemical or mechanical
pressure affect the ratio of the out-of-plane and in-plane lattice
parameters ¢/a, which has been shown to play a critical role
in controlling the electronic properties [32,33].

©2025 American Physical Society
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In this article, we present the results of a low-temperature
ARPES study of the compound Cs(V;_,Nb,)3Sbs (x = 0.05).
In this kagome metal, the V atoms, which are assumed to
carry the loop current order and the orbital magnetic moments
via their 3d orbitals, are partially substituted by the larger,
isoelectronic Nb atoms. We demonstrate that chemical pres-
sure increases the average orbital overlap of the V/Nb 3d /4d
orbitals. This leads to an increase of the bandwidth, enhanced
gap opening at the Dirac-like crossings, and increased mag-
netic circular dichroism. The latter allows a detailed view of
the circular dichroism of several bands near the Fermi level.
Our analysis substantiates the predicted coupling of the or-
bital magnetic moments with the three van Hove singularities
near the Fermi level at the M points.

II. EXPERIMENT

The experiments were performed on single crystals of
Cs(V_xNb,)3Sbs (x = 0.05) grown by the flux method. The
crystals were characterized using x-ray diffraction and energy
dispersive x-ray spectroscopy [27,32]. Above the charge-
density-wave transition temperature of 60 K, Nb-substituted
CsV3Sbs has the same structure as the pristine compound.
High-resolution x-ray diffraction measurements were per-
formed at 22 K on the same sample used for the photoemission
experiments at the ID15B beamline of the ESRF (France). A
monochromatic x-ray beam with an energy of 30.17 keV was
used, focused down to 2 x 4 um? at the sample position. The
structural properties are consistent with previous results [27].
The Nb concentration x of niobium was determined by energy
dispersive x-ray spectroscopy to be x = 0.052(1).

Circular dichroism experiments in the soft x-ray range
were performed at the soft x-ray ARPES end station of beam-
line 109 at the Diamond Light Source, United Kingdom [34].
All photoemission experiments were conducted at 30 K. The
single crystals were freshly cleaved in ultrahigh vacuum. No
magnetic field was applied before or during the experiment.
The plane of incidence of the circularly polarized x rays
coincides with the in-plane b axis and with the surface normal
along the c axis [see Fig. 1(b)]. The degree of circular dichro-
ism of the incident x rays was greater than 95%. The angle of
incidence for the circularly polarized x rays was 22.5° with
respect to the sample surface, which was oriented to align the
I'-M-L plane with the incident beam [see Figs. 1(b) and 1(c)].
The total energy resolution was set to 50 meV. The spot size
at the sample was limited to 50 x 50 um? by the exit slits.
We optimized the probed area to maximize the contrast of the
valence band structure.

II1. RESULTS

We begin by discussing the parent crystal structure of
pristine CsV3Sbs, as shown in Fig. 1(a). CsV3Sbs consists of
a planar arrangement of V atoms forming a kagome lattice
consisting of three sets of parallel V atom lines (red), with
Sb atoms (orange) as nearest neighbors. The V-Sb planes
are separated by a layer of Cs atoms (gray). This structure
gives rise to a two-dimensional electronic structure because
the valence bands are formed by V and Sb orbitals.

Figure 1(c) shows the Brillouin zone and high-symmetry
points for the high-temperature hexagonal phase (we also
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FIG. 1. (a) Crystal structure of the canonical kagome metal
CsV;Sbs at low temperatures, indicating the orthorhombic 2 x 2 x 4
superstructure [15]. (b) Experimental ARPES geometry. The angle
of incidence of the circularly polarized x rays is 22.5° with respect
to the sample a-b plane. (c) Brillouin zone of the pristine crystal
structure in the high-temperature phase (we use the high-temperature
phase notation throughout the paper). (d) Schematic band structure
of pristine CsV3Sbs highlighting the electronic bands derived from
the V 3d orbitals forming the three van Hove singularities near the
Fermi level at the M points.

use the high-temperature Brillouin zone when discussing the
electronic structure of the low-temperature phase), while
Fig. 1(d) presents the schematic band structure as described by
Kang et al. [35]. At the M point, three van Hove singularities
near the Fermi level are derived from V 3d orbitals and are
labeled the «, B, and y bands. Here, only the van Hove
singularity of the B band exhibits dispersion along k,. The
electronlike § band, which has a minimum at the I" point, is
derived from the Sb s/p/d orbitals and shows pronounced dis-
persion from the I" point to the A point. As Nb is isoelectric to
V, we expect that 5% of V atoms are substituted by Nb atoms.

A. Electronic structure of Cs(V.9sNby.¢s5)3;Sbs

Below 60 K, both the pristine sample and the Nb-
substituted CsV3Sbs sample exhibit a CDW reconstruction.
As mentioned, substituting V atoms with larger Nb atoms
is expected to strengthen the orbital interaction. In order to
investigate how the Nb substitution influences the electronic
states in three-dimensional momentum space, we performed
photoemission experiments in the soft x-ray regime, which
enabled us to vary the probed perpendicular (k,) momentum.

Soft x-ray photoemission experiments result in photoemis-
sion intensity distributions /(Ep, kx, k,), which are binned in
a three-dimensional array. The data shown in Fig. 2 were
measured simultaneously in the hybrid time-of-flight and
dispersive analyzer mode [34,36]. This mode allows the si-
multaneous recording of an energy interval of 0.6 eV with
an energy resolution of 50 meV. To address the open ques-
tion of spontaneous magnetic order in the CDW phase of
Nb-substituted CsV3Sbs, we used left and right circularly
polarized soft x rays at photon energies of 170 and 155 eV,
corresponding to k, = 10.0Gyp; (probing the I'-K-M plane)
and k; = 9.5Gg0; (probing the A-L-H plane), respectively.
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FIG. 2. (a)-(d) Constant energy cuts of the photoemission intensities in the k-k, plane at the indicated binding energies, measured at a
photon energy of 170 eV for Nb-substituted CsV3Sbs (probing the I'-K-M plane; see Fig. 1). (e)—(h) Band dispersions along the indicated
high-symmetry directions in reciprocal space. (i)—(p) Similar data measured at a photon energy of 155 eV (probing the A-L-H plane; see

Fig. 1).

When we discuss the electronic structure, the data recorded
for the two circular polarizations were averaged and sym-
metrized (see Ref. [16]).

Figures 2(a)-2(d) present the measured Fermi surface and
constant energy sections at a higher binding energy Ej in the
I'-K-M plane of the Brillouin zone recorded at 30 K, i.e.,
at T < Tepw. The central ring corresponds to the Sb s/p/d
orbital derived § band. The 8 and y bands merge at the M

point, resulting in a high photoemission intensity at the Fermi
energy Er. The y band surrounds an area of low photoemis-
sion intensity around the K point. At higher binding energies
[Figs. 2(b)-2(d)] the y band forms a triangularly distorted
feature centered at the K point that shrinks to a single point
of high intensity at about Eg = 300 meV. At binding energies
beyond 300 meV the band opens again, indicating a behavior
similar to that of a Dirac state.
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The sections along the I'-K-M directions [Figs. 2(g) and
2(h)] show the holelike dispersion of the « and B bands. These
bands form the van Hove singularities (VHS1 and VHS2) near
the Fermi energy at the M point. The section along the I'-M
direction [Fig. 2(e)] reveals the electronlike dispersion of the
o band, while the top of the 8 band is shifted to above Ep.
In this section, the holelike dispersion of the y band is also
observed, which is part of VHS3 below Er. Here, the opposite
curvatures form the saddle point of the van Hove singularity.
Figure 2(f) shows the cross section through the Dirac-like
state at the K point, revealing the nearly linear dispersion near
EB =0.3eV.

Similar band dispersions are observed for 155 eV photon
excitation [Figs. 2(i)-2(p)], with the perpendicular momen-
tum k, corresponding to 9.5G;. Consequently, the Brillouin
zone is probed in the A-H-L plane. The first notable differ-
ence between the two k, values is that the 8 band near Ep
clearly crosses the Fermi level near the L point with a linear
dispersion, whereas the band shows a small negative curvature
near the M point [Figs. 2(h) and 2(p)]. This observation is in
agreement with the calculated results for the pristine com-
pound. The second difference is the higher binding energy
of the o band minimum, which appears at Ez = 0.55¢eV for
170 eV and below 0.6 eV for 155 eV. This is also in agreement
with theoretical results [35,37,38] and previous photoemis-
sion results obtained for the pristine CsV3Sbs kagome metal
[16,35,39-41].

B. Comparison of the electronic structures of
CS(Vo.gsNbo'os)gsbs and CSV3Sb5

Figure 3(a) shows a direct comparison of the photoe-
mission intensity for pristine CsV3Sbs and Nb-substituted
CsV3Sbs at T = 30K. These measurements were performed
in the pure hemispherical analyzer mode at a lower pass
energy, where constant energy sections were recorded sequen-
tially. The total energy resolution was set to 30 meV.

The first notable result is the observation of sharp band
features for bands derived from V orbitals, despite the partial
substitution of V atoms by Nb atoms. Although broadening of
the band features was expected as a result of disorder [31], the
coherent Bloch waves appear to be unaffected by scattering
at the larger Nb atoms. Furthermore, only minor variations in
the band structure are evident when comparing the pristine
compound with the Nb-substituted one.

The most obvious difference is the increased band gap at
the K point for the Nb-substituted case, where the Dirac-like
crossing of the 8 band occurs. The band gap is approximately
100 meV. For the pristine compound, we found a nearly van-
ishing band gap, resulting in a Dirac-like dispersion, which is
in agreement with previous findings [35]. The photoemission
intensity does not vanish within the band gap because the gap
is caused by spin-orbit coupling, which avoids band crossing
and results in typical band broadening with finite photoemis-
sion intensity within the small energy gap.

To study the gap opening at the Dirac point in more detail,
Fig. 4(a) shows a series of /(Eg, k,) sections that visualize the
I(Eg, ki, ky) data and define the position of the K point along
the M-K direction. Energy distribution curves [Fig. 4(b)] along
the direction perpendicular to the I'-K direction reveal the
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FIG. 3. (a) Comparison of the band dispersions of pristine
CsV;Sbs and Nb-substituted CsV3Sbs at T = 30 K. Data for pristine
CsV;Sbs were measured at a photon energy of 250 eV, and the data
for the Nb-substituted compound were measured at 170 eV, both
corresponding to a cut through the I' point along k,. (b) Band dis-
persion along the A-L direction for Nb-substituted CsV3Sbs at 30 K.
The adapted intensity scale was changed at k, = 0.3 A~! to show
the backfolded band «’. (c) Band dispersion along the M-K direction
for Nb-substituted CsV;Sbs at 30 K. (d) Laplacian derivative of the
band dispersion along the A-L direction using the data shown in (b).
(e) Laplacian derivative of the data shown in (c).

dispersion of the bands near the Dirac point. The gap opening
results from parabolic fits to the dispersion in the vicinity of
the Dirac point [see Fig. 4(c)].

An additional visible difference is the increased bandwidth
of the B band. The maximum energy appears to be fixed at
the Fermi level, likely due to the high density of states associ-
ated with the van Hove singularity. Meanwhile, the minimum
energy at the M point has shifted to higher binding energies
by 50 meV in the Nb-substituted compound. Additionally,
the second Dirac point between the I and K points shifts to
higher binding energies with Nb substitution. As these bands
are related to V 3d states with d,./d,, orbital character [35],
we attribute the increase of the bandwidth to the increased
orbital overlap caused by partial substitution of V atoms with
the larger Nb atoms.
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FIG. 4. (a) Sections of the photoemission intensity /(Ep, k) at
equidistant k, values parallel to the K-M direction in the vicinity of
the gap at the Dirac point from the same dataset shown in Fig. 3(c).
(b) Set of energy distribution curves for equidistant momentum val-
ues along the profile indicated in the inset. The red marks indicate the
maximum intensities near the Dirac point at £z = 0.3 eV. (c) Bind-
ing energies of the maximum intensities at lower (squares) and higher
(circles) binding energy as a function of k,. Parabolic fits (solid lines)
to the binding energies result in an energy gap of 96 &= 8 meV.

For pristine CsV3Sbs, a doubling of the 8 band at Er near
the M point has been reported [42]. This doubling has been
observed across the entire AV3Sbs (A = K, Rb, Cs) family in
the low-temperature CDW state [42]. However, it is difficult
to observe this effect in our experimental data for the pristine
compound. In contrast, a close inspection of the data for the
Nb-doped variant reveals the doubling, as indicated by the red
arrows in Fig. 3(c). This band doubling can be understood as a
consequence of three-dimensional charge ordering, where the
modulation along the out-of-plane direction results in folding
the Brillouin zone along the k, direction. This superimposes
the k, = 7 /2 bands on the k, = 0 bands [42].

It has been suggested that this splitting is due to a particular
three-dimensional reconstruction of the kagome lattice of V
ions, where alternating star-of-David and trihexagonal distor-
tions occur along the ¢ axis. In addition, trilinear coupling
of M and L phonon modes leads to instabilities, resulting in
further distortions along the c axis [42]. Therefore, it is likely
that the Cy rotational symmetry is broken, similar to the case
of pristine CsV3Sbs [16].

Additionally, in the case of Nb-substituted CsV3Sbs, we
observe the back-folding of the o band from the L point to
the A point, indicated by o [Fig. 3(b)]. This back-folding
is indicative of the in-plane 2 x 2 reconstruction due to
charge ordering, which has also been observed in the pristine
CsV3Sbs compound [43,44].

We conclude that in Nb-substituted CsV3Sbs the struc-
tural distortions due to charge ordering are similar to those

observed in pristine CsV3Sbs but different from those ob-
served in KV3Sbs and RbV;Sbs. The changes in the band
structure caused by the chemical pressure resulting from Nb
substitution at V sites can be qualitatively explained by an
increased band overlap and by an increased spin-orbit cou-
pling. These changes occur in the bands derived from V/Nb
3d/4d orbitals. In contrast to a recent theoretical study of
pressure-dependent band structure effects [28], the band states
localized on Sb atoms appear to be less affected.

C. Magnetic circular dichroism in Nb-substituted CsV;Sbs

To investigate the potential for spontaneous time-reversal
symmetry breaking in Nb-substituted CsV3Sbs, we conducted
magnetic circular dichroism studies, adopting the methodol-
ogy outlined in Ref. [16]. First, we determined the asymmetry
in the photoemission spectra measured with x rays of left
circular polarization, /=, and right circular polarization, I,
giving the asymmetry signal A* = ([T —I7)/(IT +17).

In the present measurement geometry, in which the scatter-
ing plane of the x rays coincides with the mirror plane of the
Brillouin zone [see Fig. 1(b)], this asymmetry comprises two
contributions. The first is the nonrelativistic circular dichroism
in the angular distribution (CDAD), a geometric effect that
is strictly antisymmetric with respect to the photon plane of
incidence [45]. The second is the magnetic circular dichro-
ism in the angular distribution (MCDAD), which is strictly
symmetric with respect to the scattering plane of the x rays.
To separate the two contributions, we calculate the CDAD
using Acpan (ke ky) = (1/2)[A* (ky. ky) — A*(ky, —k;)] and
the magnetic circular dichroism via Amcpap(ks, ky) =
(1/2)[A*(ky, ky) + A*(ky, —ky)]. A detailed discussion of the
separation procedure can be found in Ref. [46].

Note that the time-reversal symmetry prohibits the oc-
currence of Ayicpap. Therefore, significant finite values of
the MCDAD are expected to be observed only in systems
with spontaneous magnetic order. Reports of a natural mag-
netic circular dichroism occurring in photoemission in chiral
systems are analogous to absorption effects known in bio-
chemistry [47]. However, these effects are thought to be very
small.

By contrast, our experimental data reveal Ayicpap values
of around 0.1 (see Fig. 5), which are symmetric with respect
to k, = 0. Here, the MCDAD asymmetry is plotted on a
two-dimensional color scale to also highlight the band dis-
persions. Prominent negative (blue) values of Aycpap appear
near the M and L points in Figs. 5(a)-5(d) and 5(i)-5(1) for
both k, = 0 (I'-K-M plane) and k, = 0.5G¢; (A-L-H plane),
respectively. Positive (red) Amcpap values are observed along
the directions from the I' point to the K point and from the
A point to the H point, respectively. The MCDAD asymmetry
is restricted to the bands associated with the V 3d orbitals.
The electronlike « band, dispersing along the M-I" direction
[Fig. 5(e)], shows a negative MCDAD asymmetry, similar
to that of the corresponding band along the A-L direction
[Fig. 5(m)]. This negative MCDAD asymmetry also domi-
nates the holelike o band dispersing along the M-K and L-H
directions, as shown in Figs. 5(g), 5(h), 5(0), and 5(p). In con-
trast, the B band dispersion along the M-K and L-H directions
exhibits a positive MCDAD asymmetry.
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FIG. 5. (a)-(d) Constant energy sections of the magnetic circular dichroism (MCDAD) and photoemission intensities in the k,-k, plane at
the indicated binding energies, measured at a photon energy of 170 eV for Nb-substituted CsV3Sbs. The photoemission intensity is overlaid
with the MCDAD asymmetry in a two-dimensional color scale as indicated on the right. The maximum asymmetry of the color scale (right)
is Amax = 0.1. (e)—(h) Band dispersion of the MCDAD asymmetry along the indicated lines in (a). (i)—(p) Similar data measured at a photon

energy of 155 eV.

The most significant MCDAD asymmetry is observed near
the two M and L points at k, = 0 [see Figs. 5(a) and 5(i)]. At
these points, the MCDAD symmetry axis coincides with the
CDAD antisymmetry axis, where the CDAD vanishes.

If the MCDAD asymmetry is indeed the result of
spontaneous time-reversal symmetry breaking, the sign of
the momentum- and energy-dependent MCDAD signal is

expected to flip between different domains or different crys-
tals. Indeed, the data recorded on two small Nb-substituted
CsV3Sbs single crystals, mounted on the same sample holder,
display a change in the sign of Aycpap. Figure 6 presents
the MCDAD signals near the M points at k, = 0 of the two
samples. Here, the « band exhibits a positive Ayicpap value in
the first crystal and a negative value in the second crystal. The
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FIG. 6. (a) Band dispersion of the MCDAD asymmetry along
the A-L line [similar to Fig. 5(m)] for a second sample on the same
sample holder measured at a photon energy of 155 eV at 30 K. (b) For
comparison, data from Fig. 5(m) are shown on the same scale.

holelike dispersing y band shows the opposite behavior. This
observation strongly suggests that the observed MCDAD
reflects the orbital magnetic order in CsV3Sbs.

D. Detailed mapping of the magnetic circular dichroism
in Nb-substituted CsV;Sbs

The large magnetic circular dichroism observed in Nb-
substituted CsV3Sbs provides access to detailed mapping of
the MCDAD signal, particularly in the vicinity of van Hove
singularities. The saddle-point behavior of the van Hove sin-
gularities VHS1, VHS2, and VHS3, associated with the «, g,
and y bands near the M point, respectively, is illustrated in
Figs. 7 and 8. According to the representation in Ref. [35]
of the pristine CsV3Sbs kagome metal, the three van Hove
singularities VHS1, VHS2, and VHS3 can be identified by
their dispersions with opposite curvatures in two orthogonal
directions along the M-I" and M-K lines [see Figs. 7(a)-7(c)].
In the case of the o band marked in Fig. 7(a), the bottom of
the electronlike parabola along the M-I" direction [shown in
Fig. 7(a), diagram 5] moves up in energy as it approaches
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FIG. 7. Mapping of multiple van Hove singularities in Nb-substituted CsV3Sbs along the M-K path. (a)—(c) Tomographic sections of the
van Hove singularities of the «, 8, and y bands. Panels 1-6 correspond to the energy-momentum slices of Fig. 5(a) at k, = —0.38, —0.28,
—0.19, —0.09, 0, and +0.09 A~", respectively. Panels 1 and 5 respectively cross the K and M high-symmetry points. The van Hove singularities
VHS1 and VHS?2 of the o and 8 bands have holelike dispersions along K-M-K and electronlike dispersions along I'-M [blue and orange lines
in (a) and (b)]. The curvatures are opposite for the van Hove singularity of the y band [red lines in (c)]. The data are obtained with a photon
energy of 170 eV, corresponding to k, & 10Gy;. (The representation is similar to Fig. 3 in Ref. [35].)
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FIG. 8. Mapping of multiple van Hove singularities in Nb-substituted CsV3Sbs along the L-H path. (a)—(c) Tomographic sections of the
van Hove singularities of the «, B, and y bands. Panels 1-6 correspond to the energy-momentum slices of Fig. 5(a) at k, = —0.38, —0.28,
—0.19, —0.09, 0, and +0.09 A~", respectively. Panels 1 and 5 respectively cross the H and L high-symmetry points. The van Hove singularities
VHS1 and VHS?2 of the « and B bands have holelike dispersion along H-L-H and electronlike dispersion along L-A [blue and orange lines in(a)
and (b)]. The curvatures are opposite for the van Hove singularity of the y band [red lines in (c)]. The data are obtained with a photon energy
of 155 eV, corresponding to k;, & 9.5G,;. (The representation is similar to Fig. 3 in Ref. [35].)

the M point [see Fig. 7(a), diagrams 2-5]. Along the K-M-K
directions it has a holelike dispersion with a maximum at the
M point (blue line). Along the I'-M-I" direction, the o band
shows electronlike dispersion [Fig. 7(a), diagram 5], forming
a saddle point, or van Hove singularity, at the binding energy
Ep = 0.15eV. Near the M point, the & band exhibits the most
significant (negative) MCDAD values, suggesting that VHS1
is responsible for the emergence of orbital magnetic moments.

The B band, marked in Fig. 7(b), shows similar saddle-
point behavior, albeit with smaller holelike curvature along
the K-M-K path. Here, the van Hove singularity appears at
a binding energy close to Er. The electronlike dispersion
along the I'-M-I" path becomes visible only as the K point
is approached. This electronlike dispersion develops into the
upper branch of the lifted Dirac point with a finite mass at the
K point [see Fig. 7(b), diagram 1].

The saddle point VHS3, which is related to the y band and
displays the opposite curvature, is marked in Fig. 7(c). Here,
the band maximum of the holelike band dispersion along the
['-M-T" path [see Fig. 7(c), diagram 5] moves up in energy as
it approaches the K point, as shown in Fig. 7(c), diagrams 1-4.

Significant MCDAD values are also observed in the A-L-H
plane of the Brillouin zone, as shown in Fig. 8, with a dis-
tribution similar to that of the I'-M-K plane. The van Hove
singularity VHS1 at Eg = 0.15eV and the associated « band
in the L point show negative MCDAD, as shown in Fig. 8(a),
diagram 5. Conversely, the 8 and y bands near the L point
exhibit a positive MCDAD. The van Hove singularity VHS2,
formed by the B band, lies above the Fermi level at the L
point. Consequently, electronlike dispersion is observed along
the A-L-A path as one approaches the H point, as shown in
Fig. 8(b), diagrams 2 and 3. At the H point, the electronlike
parabola transforms into the upper Dirac band.

IV. DISCUSSION

The orbital loop current is predominantly carried by the
V 3d orbitals. Soft x rays excite electrons from the initial
states with 3d character to free-electron-like states with sp
character. According to the Clebsch-Gordan integrals, elec-
tronic states with the largest orbital moments have the largest
transition matrix elements. Therefore, we expect that for
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m=+1 (m = —1) light the spin-degenerate 3d_, to np_,
(3d42 to npy) transition dominates the photoemission in-
tensity. At high-symmetry M points with defined orbital
character, the MCDAD sign is determined by the predominant
occupation of one of these initial states, which originates from
the degeneracy lifting caused by the effective orbital magnetic
field.

As pointed out in Ref. [48], the coexistence of two different
curvatures of the van Hove singularities near the Fermi level
can be derived already at the simplest level of a minimal tight-
binding model consisting of only two orbitals [48]. This was
confirmed by polarization-dependent ARPES measurements
reported in Ref. [49], in which the orbital character of the
states forming the van Hove singularities was identified.

The hybridization of d.;/d,. orbitals on the kagome lattice
results in two sets of kagome bands with opposite (odd and
even) mirror eigenvalues [see Fig. 1(d)] [48]. The y band can
be understood as the lower Dirac band with the odd mirror
eigenvalue, while the o band corresponds to the upper Dirac
band with even mirror symmetry. The flat band of VHS2 (8
band) was assigned to V d,>_,2 /d,> orbitals [38]. VHS3 arises
from two sublattices and corresponds to a mixed-sublattice
type of van Hove singularity [35,38,48], characterized by
eigenstates that are evenly distributed over two of the three
sublattices at each M point. In contrast, VHS1 and VHS?2 are
orbitals of the pure type, predominantly localized in the A-site
sublattice.

The aforementioned symmetry properties are different
from the observed signs of the MCDAD (negative for VHS1
and positive for VHS2 and VHS3), excluding a direct link
between the type of a VHS and the sign of the MCDAD.
Therefore, we conclude that the tight-binding model alone
cannot account for the occurrence of the observed MC-
DAD and the inferred orbital magnetic moments. Instead, a
mechanism involving electron-electron interactions has been
proposed [50]. Considering that multiple VHSs with opposite
mirror eigenvalues are close in energy, it has been suggested
that the nearest-neighbor electron repulsion favors a ground
state with coexisting loop current order and charge-bond or-
ders [50]. Here, the loop current order breaks time-reversal
symmetry in the CDW phase. This model predicts a 2 x 2
loop current order within the V plaquettes of the kagome
lattice. In the reciprocal space, the loop current order predicts
nonvanishing orbital moments located at the M points, which
is consistent with our experimental findings.

Indeed, the large MCDAD values observed here in
Nb-substituted CsV3Sbs provide evidence for time-reversal
symmetry breaking, which is in agreement with previous
findings in the pristine CsV3;Sbs compound [16,51]. The
previously observed time-reversal symmetry breaking was ex-
plained by a theoretical approach [51] that also explained the
chiral loop currents. These induce a substantial and switchable
magnetochiral transport asymmetry in kagome metals when
the charge-density-wave modulation is taken into account.
The loop current phase then resonantly amplifies the nonlinear
effects caused by electronic correlations.

We observed the largest MCDAD asymmetries at the M
points at the binding energies of the three van Hove singu-
larities indicated in Figs. 7 and 8. This suggests that the loop
current order is connected to these van Hove singularities. A

complete set of possible loop current patterns in a 2 x 2 unit
cell was discussed in Ref. [52]. These patterns break the trans-
lation invariance with three ordering vectors that connect the
van Hove points. Regarding the orbital compositions, two dif-
ferent categories were discussed: those considering the phase
of the nearest-neighbor hopping parameters between V sites
and those considering the phase of the hopping parameters
between V sites and planar Sb sites. Furthermore, Ref. [52]
suggested that the loop current ordering is connected to the
low-temperature superconductivity of this material, whereby
the two categories lead to different symmetries of the super-
conducting order parameter. Our experimental results suggest
that, due to the absence of magnetic circular dichroism at the
Sb states centered near the I' point, the loop current order
is connected to the hopping parameters between the V sites,
resulting in d + id superconducting pairing [52].

V. SUMMARY

Angle-resolved photoemission spectroscopy was used
to study changes in the electron band structure of
Cs(V_;Nb,)3Sbs, with x = 0.05, when V atoms are partially
substituted by Nb atoms. We showed that the substitution of
larger, but isoelectronic, Nb atoms results in an increase of
the bandwidth, which we attribute to increased orbital overlap.
The van Hove singularities determine the maximum density
of states at the Fermi level but increase the gap openings at
pristine compound’s Dirac points. The pronounced magnetic
circular dichroism of the V 3d and Nb 4d bands strongly
suggests the predicted connection between the orbital mo-
ments and the three van Hove singularities near the Fermi
level at the M points. The chemical pressure exerted by the Nb
doping increases the magnetic circular dichroism compared
to that of pristine CsV3Sbs, either due to increased orbital
moments, caused by the increased electron-electron interac-
tion, or due to increased spin-orbit coupling. Crucially, larger
overall larger magnetic circular dichroism in Nb-substituted
CsV3Sbs enabled detailed mapping of MCDAD, providing
valuable information for future theoretical investigations into
various electronic instabilities in kagome metals.
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