Chirality in the Kagome Metal CsV;Sbs
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Using x-ray photoelectron diffraction (XPD) and angle-resolved photoemission spectroscopy, we study
photoemission intensity changes related to changes in the geometric and electronic structure in the
kagome metal CsV3Sbs upon transition to an unconventional charge density wave (CDW) state. The
XPD patterns reveal the presence of a chiral atomic structure in the CDW phase. Furthermore, using
circularly polarized x-rays, we have found a pronounced nontrivial circular dichroism in the angular
distribution of the valence band photoemission in the CDW phase, indicating a chirality of the electronic
structure. This observation is consistent with the proposed orbital loop current order. In view of a
negligible spontaneous Kerr signal in recent magneto-optical studies, the results suggest an antiferro-
magnetic coupling of the orbital magnetic moments along the ¢ axis. While the inherent structural
chirality may also induce circular dichroism, the observed asymmetry values seem to be too large in the
case of the weak structural distortions caused by the CDW.

Kagome systems have recently attracted interest because
of their unique electronic band structure, which exhibits
delocalized electrons, Dirac points, flat bands, and multiple
van Hove singularities (VHS) near the Fermi level [1-4].
The large density of states near VHSs can promote various
electronic orders, such as superconductivity, chiral charge
density wave (CDW), and orbital loop current order [5-8].
The vHSs in combination with flat bands can be the
origin of correlated many-body ground states [9—14]. In
particular, the kagome metals AV;Sbs (A = K, Rb, Cs)
combine unconventional charge orders [15-21], super-
conductivity [22-29], lattice frustration, and non-trivial
topology [30-32]. Spectroscopic evidence for topological
properties and correlation effects have been provided
by ARPES studies [29,33] and density functional theory
[34-38]. In particular, the charge order has been related to
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time-reversal symmetry breaking (TRS) [16,22,30,31] or
rotational symmetry breaking [17,18,21].

In the normal high temperature state, AV3Sbs is a
topological metal [29,39] with topologically protected sur-
face states near the Fermi level [29]. In the low temperature
CDW state, scanning tunneling spectroscopy (STM) [31,40]
and theory [36] have suggested a chiral CDW order that
breaks the time-reversal symmetry [36]. Observations of an
anomalous Hall effect [32,41-43] together with muon spin
relaxation [30,44] and magneto-optical Kerr effect (MOKE)
studies [16,45,46] provided further evidence for the sponta-
neous time-reversal symmetry breaking. However, recent
dedicated MOKE studies with zero-loop Sagnac interfer-
ometers [47-49] and STM [50] conclude that the occurrence
of time-reversal symmetry breaking is unlikely.

Here, we use electron momentum microscopy to gain
further insight into the structural and electronic chiral order
in this system. The cylindrical detection geometry of
momentum microscopy, which is aligned with the c-axis
of the sample, and the fixed illumination geometry avoid
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misalignment artifacts [51]. Hard x-ray photoelectron
diffraction (XPD) reveals a chiral order in the atomic
structure in the CDW phase. On the other hand, photo-
electrons excited by circularly polarized light in the soft
x-ray region show spontaneous chiral symmetry breaking
in the valence band states, which is particularly pronounced
at certain mirror symmetry points in reciprocal space (i.e.,
M points). We discuss time-reversal symmetry breaking or
mirror symmetry breaking as possible origins for the
observed effects.

The experiments were performed on single crystals
of CsV3Sbs grown by the flux method and characterized
by x-ray diffraction and energy-dispersive x-ray analysis
[15,52]. The CsV3Sbs structure and the experimental
geometries for the photoemission experiments are given
in the Supplemental Material [53], which includes
Refs. [54,54-63]. The single crystals were freshly cleaved
in ultrahigh vacuum. No magnetic fields were applied
before or during the experiment.

CsV3Sbs shows a CDW reconstruction below the tran-
sition temperature (Tcpw = 94 K) [2]. To study the CDW-
induced changes in the crystal structure we used core level
XPD. Experiments in the hard x-ray range at 6 keV were
performed at the time-of-flight momentum microscopy end
station of the hard x-ray beam line P22 at PETRA III [64].
The angle of incidence was € = 10° with respect to the
sample plane and the energy resolution was set to 60 meV.
XPD was performed on the Cs 4d, V 2p, and Sb 3d core
levels, all of which show a pronounced XPD pattern with a
sixfold symmetry.

The Cs 4d pattern [Fig. 1(a)] recorded in the high-T
phase shows an inner sixfold star (vertical orientation)
surrounded by a ring of high intensity peaks in a straddled
orientation (yellow circle). This is consistent with the
pattern [Fig. 1(b)] calculated using a Bloch wave
approach with the normal state crystal structure param-
eters determined by XRD [65,66]. Below the CDW
transition, the overall appearance of the XPD pattern
does not change much [Fig. 1(c)], in agreement with the
Bloch wave calculation considering the (2x2x4)
reconstruction [65,66] [Fig. 1(d)]. To highlight the broken
mirror symmetry (chirality) of the low-T XPD pattern we
plot the difference I(k,.k,)—I(—k,.k,) in Fig. 1(e).
While the difference still shows a sixfold symmetry,
the mirror symmetry of the XPD pattern is broken, as
shown by a counterclockwise bending of the tips of the
inner star in the XPD pattern. Indeed, a similar chirality
shows up in the calculated XPD pattern [Fig. 1(f)] based
on the low-T" XRD data from Refs. [65,66]. A corre-
sponding analysis was performed for the V 2p and Sb 3d
core level XPD patterns for T < Tepw and T > Tepw
(see Supplemental Material [53]). These results demon-
strate the structural chirality of the CDW order and imply
that the domain size is larger than the x-ray footprint on
the sample (=50 pm in diameter), consistent with earlier
domain mapping studies [16].

FIG. 1. X-ray photoelectron diffraction of CsV;Sbs measured
at a photon energy of 6 keV for T > Tcpw (HT, 115 K) and
T < Tcepw (LT, 30 K). Comparison of experimental (a),(c) and
theoretical (b),(d) data. (e) Difference between the original data
from (c) and the same data but mirrored at k£, = O to highlight the
broken mirror symmetry. (f) Similar data for the calculated results
(see Supplemental Material [53] for HT and other core levels).

To detect the chirality in the electronic structure
valence band photoemission was performed. Circular
dichroism experiments in the soft x-ray range were
performed at the soft x-ray ARPES end station of
Beamline 109 at Diamond Light Source, UK [67]. The
angle of incidence for the circularly polarized x-rays was
6 = 22.5° with respect to the sample surface, which was
oriented to align the I'-M-L plane with the incident beam.
The total energy resolution was set to 50 meV. Figure 2
shows the experimental Fermi surface of CsV;Sbs mea-
sured at the two temperatures 7y = 115 and 7; = 30 K,
i.e., above and below Tcpw = 94 K. In Figs. 2(a)-2(e) we
plot the photoemission intensity distribution I(Ef, k.. ky)
at the Fermi energy as a function of the parallel momentum
ky, ky. The photon energies were varied in an interval
from 210 to 250 eV, covering a perpendicular momentum
range from k, = 11Gyy to 12Gy, [Figs. 2(c)-2(e)]. We
observe no significant dispersion along k_, indicating a two-
dimensional character of the electronic states. This is in
agreement with previous observations [2].

From the photoemission intensities measured with cir-
cularly polarized x-ray excitation, I*/~, we determine the
asymmetry A* = (I —I7)/(I'" 4+ I"). The nonrelativistic
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(a),(b) Fermi surface of CsV;Sbs measured at hiv = 250 eV (a) and 210 eV (b) for T > Tpw. The photon incidence is from

the right. (c)—(e) Fermi surface sections in the k. — k| planes (perpendicular to the surface) corresponding to the lines indicated in (a).
The photon energy has been varied between 210 and 250 eV in small steps. (f)—(j) Acpap in the same Fermi surface sections as in
(a)—(e) [(h) shifted to k, > 0 to avoid the Acpap = O-line]. The maximum asymmetry of the color scale (right) is Ay, = 0.5.
(k)—(0) Apcp in the same Fermi surface sections as in (a)—(e). The maximum asymmetry of the color scale is in this case A, = 0.1.
(al)—(ol) Similar data measured at 30 K (T < Tcpw) plotted on the same scales.

circular dichroism in the angular distribution (CDAD) is a
geometric effect and it is strictly antisymmetric with respect
to the photon plane of incidence, which coincides with the
I'-M-A crystal mirror plane [68]. To separate the CDAD from
any other contribution, we calculate the asymmetry shown
in Figs. 2(0)-2() as Acpap(k.. ky) = (1/2)[A" (k. k) —
A*(ky,—ky)] (see detailed discussion of the separation
procedure in Ref. [69]). The maximum asymmetry is 0.5,
and leads to a significant intensity redistribution when the
x-ray helicity is switched. The CDAD asymmetry depends
strongly on the photon energy, as can be seen by comparing
Figs. 2(f) and 2(g) (see Ref. [70]). The photon energy series
shows a continuous change of the asymmetry with varying
k, for several electronic bands. Only the states near the
M-L line show a constant asymmetry independent of the
photon energy, as emphasized by the k, dependence shown in
Figs. 2(h) and 2(j).

Note that at T > Tcpw, the dichroism is completely
dominated by the CDAD. This can be visualized by the

complementary magnetic circular dichroism (MCD),
which is symmetric with respect to the k, direction [71],
Anep (ki  ky) = (1/2)[A*(ky, ky) 4+ A* (k. =k, )], as shown
in Figs. 2(k)-2(0). Apcp is less than 0.01 and shows
no systematic variation as a function of parallel and
perpendicular momentum. The lack of Aycp confirms
the nonmagnetic character of the electronic states in
CsV;Sbs in its normal state at T > Tcpw-

At 30 K, the average photoemission intensity distribution
shown in Figs. 2(al)-2(el) has not changed much. There
are no obvious changes in the dispersion of the visible
bands, only the intensity distribution near the M-L line
[central line at k| = 0 in Fig. 2(el)] changes slightly. This
observation is in agreement with previous reports using a
higher energy resolution [72,73], where the CDW-induced
gap opening appears near the M point. The CDW-induced
band gap is discussed in the Supplemental Material [53].

The CDAD asymmetry in the CDW state [Figs. 2(f1)—
2(j1)] shows a similar pattern to that observed in the normal
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FIG. 3. (a) Fermi surface of CsV;Sbs measured at a photon
energy of 330 eV for T < Tcpw. The photon incidence is from
the right. (b) CDAD texture of the Fermi surface. The maximum
asymmetry of the color scale (right) is A« = 0.5. (c) MCD
asymmetry of the Fermi surface. The maximum asymmetry
of the color scale (right) is A« = 0.1. (d),(e) Band dispersion
with overlaid MCD asymmetry (two-dimensional color scale
on the right) along the indicated lines in (c). (f) Band dispersion
with overlaid CDAD asymmetry across the K-point along the
indicated line in (b).

state. The fact that no obvious CDW-induced change in
CDAD is observed implies the absence of a significant
change in orbital charge redistribution.

In contrast, the low-T data show a significant k-
symmetric Aycp [Figs. 2(k1)-2(o1)]. A prominent, almost
k_-independent, contribution appears near the M-L line
at (k, = £0.7 Al ky, = 0,k;). This is unexpected for a
paramagnetic system. The two M points at k, = 0 coincide
with the antisymmetry axis of the CDAD, where the CDAD
vanishes. The large asymmetry of about —0.1 is essentially
independent of the photon energy [Figs. 2(m1) and 2(o1)].
Especially near k, = 0 a pronounced nonzero Aycp occurs
that cannot be explained by an artifact due to different
sample illumination. Significant Aycp values also show
upat (k, =0, k, = £1 A, k.) [Fig. 2(n1)]. Here, the sign
of Ayicp changes at about k, = 11.5G,, which hints at
additional diffraction-related asymmetries or matrix-element
effects [70].

Further details of the band dispersion versus binding
energy as measured at 30 and 115 K are discussed in
Supplemental Material [53].

To further elucidate the CDW-induced chirality using a
different experimental geometry, we performed a soft x-ray
photoemission experiment with the time-of-flight momen-
tum microscope at the soft x-ray beamline P04 at PETRA
I, DESY, Germany [54], with the total energy resolution
set to 34 meV. We used 330 eV x-rays (corresponding to
k, = 13.7Gy,) and the same angle of incidence 6 = 22.5°.

FIG. 4. (a) V-Sb plane constituting the kagome lattice. Small
arrows indicate the loop current order forming a 2 x 2 super-
structure of orbital moments (large arrows). The superstructure
Wigner-Seitz cell is indicated in green and the normal state unit
cell in red with corresponding unit vectors along the a axis.
(b) Fermi surface in reciprocal space (gray level is proportional to
the measured photoemission intensity). Hexagons indicate the
Brillouin zones of the normal state structure (red) and the 2 x 2
superstructure (green) with corresponding reciprocal lattice
vectors. The blue arrows indicate the expected orbital moments
near the M points where the Fermi wave vector and the I" points
of the 2 x 2 superstructure coincide. (c) Sketch of the first three
vHSs near Ey.

In this case, however, the plane of incidence was along the
I'-K-H plane.

Figure 3(a) shows the measured Fermi surface recorded
in this configuration at 30 K. The CDAD asymmetry at the
Fermi surface, Fig. 3(b) is antisymmetric with respect to
the plane of incidence, with the maximum asymmetry
Apax ~ 0.5 similar to the previous case. The MCD asym-
metry Fig. 3(c) also shows negative values up to —0.1 near
the M point at (k. k,) = (£1 A™',0) in the adjacent
Brillouin zones on the I'-K symmetry axis (k, = 0 axis).
The sections along M-T" [Fig. 3(d)] and M-K [Fig. 3(e)]
suggest that the negative MCD asymmetry is related to the
electronlike band with a maximum binding energy of
0.1 eV at the M point, which belongs to the van Hove
singularity vHS-2 [see Supplemental Material for a detailed
description of the vHSs [53] and Fig. 4(c)]. Bands
associated with vHS-1, i.e., the flat band near the Fermi
level at the M point [see Fig. 3(e)], and vHS-3 (holelike
band) have positive Aycp values. The large MCD asym-
metries near the M points confirm our findings obtained
with the photon plane of incidence coinciding with the
I'-M-A plane (Fig. 2).

Since the multiple vHSs with opposite mirror eigenval-
ues are close in energy, it has been proposed that the nearest
neighbor electron repulsion favors a ground state with



coexisting loop current order and charge-bond order [74].
The loop current order imposes a time-reversal symmetry
breaking in the CDW phase.

Figure 4(a) schematically shows the charge loop current
as adapted from Ref. [2]. It can be visualized by alternating
charge currents along the three sets of parallel lines
connecting the V atom positions. Thus, the charge current
vanishes when integrated over the unit cell. The ordered
charge current along the V-V bonds leads to loop currents,
[Fig. 4(a)], that bypass the six V atoms. The current
direction of individual bonds can be either clockwise (blue
arrows) or counterclockwise (pink arrows). Every second
loop shows an unfrustrated loop current (shown in light
blue) forming a 2 x 2 superlattice.

In reciprocal space, the corresponding Brillouin zone of
the 2 x 2 structure is shown in green in Fig. 4(b). Here, some
I" points of the superstructure Brillouin zone coincide with
the M points of the larger normal-state Brillouin zone [red in
Fig. 4(b)]. Since the van Hove singularities near the Fermi
surface are located at these M points, states with finite orbital
angular momentum causing a MCD are also expected at
these coincidence points [blue arrows in Fig. 4(b)].

Our experimental results are thus consistent with recent
reports on the anomalous Hall effect [32,41-43], observa-
tions of chiral charge order in STM studies [31] and the
early magneto-optical Kerr effect studies [16,30,32,41-46],
all suggesting an orbital loop-current order. On the other
hand, recent dedicated polar Kerr effect measurements
seem to rule out the time-reversal symmetry breaking in
CsV;Sbs [47,49]. The absence of a measurable sponta-
neous Kerr effect (bulk probe) [49], with strong evidence
for chiral charge ordering from surface sensitive techniques
such as STM [31] and the presented ARPES data, may
imply an antiferromagnetic interlayer ordering of the
orbital magnetic moments in CsV;Sbs. In this case, optical
dichroism averaged over many atomic layers would
disappear.

On the other hand, our photoelectron diffraction results
at 6 keV have shown that the lattice exhibits a chiral
structure in the CDW state, which is consistent with XRD
data implying a stacking of different CDW patterns along
the ¢ axis [65,66]. The coexistence of the star of David
and inverse star of David reconstructions in the CDW state
is demonstrated by XRD [39,75], nuclear quadrupole
resonance (NQR) [76], and nuclear magnetic resonance
(NMR) [77] measurements. Such structural chirality may
also induce the observed valence-band MCD effect, which
is in this case better described as an intrinsic instead of a
magnetic circular dichroism [78]. In fact, a three-dimen-
sional structural and electronic chirality of the helix-type
without time-reversal symmetry breaking would also be
consistent with our experimental results. The observed
asymmetry values of the order of 0.1 are, however, much
larger than previously assumed for the natural circular
dichroism.
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