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The demonstration of a topological band inversion constitutes the most elementary proof of a quantum
spin Hall insulator (QSHI). On a fundamental level, such an inverted band gap is intrinsically related to the
bulk Berry curvature, a gauge-invariant fingerprint of the wave function’s quantum geometric properties in
Hilbert space. Intimately tied to orbital angular momentum (OAM), the Berry curvature can be, in
principle, extracted from circular dichroism in angle-resolved photoemission spectroscopy (CD-ARPES),
were it not for interfering final state photoelectron emission channels that obscure the initial state OAM
signature. Here, we outline a full-experimental strategy to avoid such interference artifacts and isolate the
clean OAM from the CD-ARPES response. Bench-marking this strategy for the recently discovered atomic
monolayer system indenene, we demonstrate its distinct QSHI character and establish CD-ARPES as a
scalable bulk probe to experimentally classify the topology of two-dimensional quantum materials with

time reversal symmetry.

DOI: 10.1103/PhysRevLett.132.196401

The topological classification of two-dimensional (2D)
materials is traditionally connected to edge states [1] and
the demonstration of the quantum spin Hall effect [2,3].
The topology of a material, however, is genuinely asso-
ciated to a material’s bulk, and should thus be experimen-
tally accessible irrespective of the presence of a boundary.
Berry curvature, the local manifestation of a wave func-
tion’s geometric properties in momentum space, is inti-
mately tied to topology [4,5], is gauge invariant, and, in
principle, observable. More fundamental classification
schemes have thus focused on bulk experiments that
map the Berry curvature and/or the quantum geometric
tensor in momentum space [6,7], promising a fast and
scalable way of fingerprinting the vast plethora of potential
topological materials predicted by theory [8].

To this end, circular dichroism in angle resolved photo-
emission spectroscopy (CD-ARPES) stands out as a power-
ful probe of Berry curvature owed to its well-established
sensitivity to orbital angular momentum (OAM) along the
light’s quantization axis [9-13]. In a two band system and
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within approximations, both quantities are linearly con-
nected [14,15] and OAM thus serves as mediator be-
tween CD-ARPES and Berry curvature [11,12,15,16].
Unfortunately, the CD-ARPES signal is generally subject
to photoemission final state interference effects, which in
turn depend on the photoelectron’s kinetic energy (and due
to energy conservation thus also on photon energy). These
interferences produce artifacts that obscure the initial state
OAM contribution [17,18]. In face of a generally uncharted
final state, the extraction of OAM from CD-ARPES at a
random photon energy therefore demands sophisticated
data analysis in unison with case-specific theoretical
efforts, jeopardizing the quest for a bias-free experimental
probe of topology.

Here we demonstrate a two-step strategy that avoids the
influence of the final state and enables a bias-free all-
experimental isolation of OAM in any 2D quantum
material with time-reversal symmetry (TRS). While two-
dimensionality suppresses the out-of-plane band dispersion
and thus allows us to probe a particular Bloch state

© 2024 American Physical Society
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FIG. 1. (a) ARPES dispersion at the K point of n-doped

indenene showing the two valence bands (VB;, VB,) as well
as a partially occupied conduction band CB; (hv =21.2 eV
20 K). (b) Topological phase diagram of a p-electron system on
the triangular lattice as a function of ISB (4;5g) and SOC strength
(4soc)- The insets show the (L,) polarization (green and orange
arrows) and the Berry curvature (red and blue curves) of the
valence and conduction band states at K, calculated by DFT for
the topologically trivial and nontrivial (QSHI) system. The
topology of the system is reflected in both the OAM as well
as the Berry curvature ordering sequence [19,21,22].

irrespective of photon energy, TRS implies the existence of
time-reversal invariant momenta (TRIM) and pairs of time-
reversal partners (TRP), whose (paired) OAM is strictly
zero by symmetry. Nonzero CD-ARPES intensity at
TRIMs or pairs of TRP is thus a clear indicator of final
state artifacts. In the first step (i), we hence exploit the
tunable photon energies of a synchrotron light source and
the imaging capabilities of a k-space microscope to identify
those hv, where the CD-ARPES signal vanishes according
to TRS. At these photon energies we then analyze in step
(i1) the angular distribution of CD-ARPES with respect to
the orbital symmetry of the final state, and eliminate
accidental false zeros obtained in step (i). We are left with
a set of faithful photon energies where CD-ARPES isolates
the pure OAM polarization signal along the light quantiza-
tion axis.

We test this experimental strategy to confirm the QSHI
state of the 2D quantum material indenene, a Dirac-system
realized on a triangular lattice [Fig. 1(a)] whose topology is
dictated by the competition of atomic spin-orbit coupling
(SOC) and substrate-mediated in-plane inversion symmetry
breaking (ISB) at the TRPs K and K’ [19,20]. Density
functional theory (DFT) predicts SOC to drive the topo-
logical band inversion and to stagger both (L.) OAM as
well as Berry curvature along the energy axis [19,21], while
ISB counteracts SOC and favors a topologically trivial
band order as summarized in the topological phase diagram
of Fig. 1(b). Determining the (L.) order of indenene and
placing it within this diagram is an exquisite task for CD-
ARPES and its potency to unambiguously determine the
(L.) sequence in the presence of TRS.
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FIG. 2. Photoelectron emission channel resolved CD-ARPES
calculated according to Ref. [17] for the tight-binding model
derived in Refs. [19] and [21]. Panels (a) and (b) represent
calculations with the light incidence plane (red arrow) along I'M,
for two experimental geometries rotated by 60° with respect to
each other (a;), (b;). Panels (a,), (b,) show the s channel, (a3),
(b3) the d channel, (a4), (by) their interference channel and (as),
(bs) the total CD-ARPES dispersion around K and K’ along the
orange path in (a;) and (by), respectively. Details are given in the
Supplemental Material [22].

Before turning to the actual experiments, we recapitulate
how artifacts masking initial state OAM can arise from
CD-ARPES. Without loss of generality, we illustrate our
arguments for the indenene case, whose valley states are
well described by band representations built from atomic p
orbitals [19,21]. Photoemission from these states will
produce two dipole-allowed transition channels, from p
to s (s channel), and from p to d (d channel), whose
amplitudes and phases are dictated by the elusive photo-
electron final state. The interference of both channels
amounts to the total CD-ARPES intensity [22]

CD = Iy, — Iy = CD,_ + CD,_4 + CDyp (A0) (1)

that consists of three terms: the pure channel terms CD,,_,
and CD,,_,4 that provide the clean OAM information; and
the mixed channel interference term CDj,(Ac) that
strongly depends on the photon energy dependent phase
Ao between outgoing photoelectron waves.

Following our formalism introduced in Ref. [17], we
now model the CD-ARPES intensity expected for a tight-
binding model of indenene in the topological phase [21].
We take the 65° light incidence geometry along the I'M
plane that we use later in experiment [vertical red arrow in
Fig. 2(a;)], providing a contrast ratio (L.)/(L) =
| cot65°> ~ 0.2 of out-of-plane to in-plane OAM compo-
nents [22]. Assuming—for sake of illustration—equal
magnitudes of s and d channels and an extreme phase
delay Ao = n/2 between them, we simulate CD-ARPES
along the perpendicular K’MK direction that we employ
later in experiment, and plot a close-up around K in Fig. 2.
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Step (i)—Identification of potentially faithful photon energies: (a) 3D visualization of an STM topography scan (bias voltage:

750 mV, tunneling current: 150 pA) across a half (x5 A) 4H-SiC unit cell step edge, exposing two indenene domains (insets) that are
mutually rotated by 180° (which in C; symmetry corresponds to a 60° rotation and flips K and K”). (b) Side view ball and stick model of
the step structure depicted in (a), emphasizing a 180° rotation in the 4H-SiC stacking order at every half unit cell (red path). LEED
pattern of (c) single domain indenene and (d) a two domain indenene sample taken at 135 eV. (e) CD-ARPES map of the two-domain
sample taken at hv = 30 eV and 65° light incidence (red arrow) along the MI'M direction of the hexagonal BZ (dashed) and energy-
integrated over the indenene valence bands range. The inset shows the LEED pattern of this sample. (f) CD-ARPES integrated around
the six valley momenta [circles in (e)] and plotted as a function of photon energy. Collective zeros in the CD-signal mark photon energies
where the photoemission channel interference is potentially suppressed. These energies are candidates for faithful photon energies in

step (ii).

Taken by themselves, the s (a,) and d channels (a3)
correctly map the (L) staggering apart from a sign change.
The latter reflects that photoemission from an m; = 41
initial state can reach the photoelectron s channel (im; = 0)
only via right (left) circular polarization (mg,;; = F 1),
while the d channel contains m; = £2 and thus can also
be reached by left (right) circular polarized light
(m), = *1). In contrast to the pure channels, the inter-
ference part in Fig. 2(ay) deviates strongly from the
alternating pattern, as it mostly reflects the photon energy
dependent phase shift Ac(hv) between s and d channels
that produces the well-known left-right asymmetry of
CD-ARPES with respect to the light incidence plane
[22]. Our model clearly demonstrates that this asymmetry
dominates the total CD-ARPES signal (as), thus masking
the intrinsic OAM.

That such a geometric contribution carries indeed no
OAM information can be further demonstrated by exploit-
ing TRS, which demands the (L_) OAM polarization of the
TRPs K and K’ to differ only in sign. We thus simulate a
60° azimuthal rotation that exchanges K with K’ but
leaves the experimental geometry otherwise untouched
[Fig. 2(b;)]. While again, the pure s- and d-channel contri-
butions to CD-ARPES correctly reproduce the sign change
in the (L,) pattern [Fig. 2(b,, b3)], neither CDy,, nor the

total CD are significantly affected by the 60° turn (by, bs).
We hence conclude that a faithful extraction of OAM from
CD-ARPES requires the interference term to be sup-
pressed, i.e., either the amplitude of s or d channel to be
zero [17,22].

We identify such suppression points by measuring the
CD-ARPES signal across a wide range of photon energies
hv, while monitoring high symmetry points in the Brillouin
zone (BZ) for which TRS dictates zero orbital polarization.
In indenene, we monitor the total CD-ARPES summed over
both time reversal partners K and K’, a quantity that can be
conveniently extracted for samples grown on a stepped SiC
substrate. As shown by scanning tunneling microscopy
(STM) in Fig. 3(a), such substrates support the formation
of two indenene domains that are mutually rotated by 180°
(which in C; symmetry corresponds to a 60° rotation that
swaps K and K"), thus superposing K and K’ in the ensemble
average. The side-view model of Fig. 3(b) shows the
4H-SiC(0001) stacking order and its truncation by full (left)
and half (right) unit cells at the surface. The positions of the
topmost carbon atoms cause the 180° rotation between the
two resulting surface configurations, producing two inden-
ene domains whose inequivalent Wyckoff sites A and B
are swapped across a half unit cell step edge [¢/2 ~5 A,
Fig. 3(a)] [23]. Employing step bunching during the
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initial substrate preparation phase [24-27], we can tune
the substrate termination ratio and consequently the
coverage ratio of the two indenene domains. In particular,
we produced samples with a single indenene domain as
indicated by the threefold low energy electron diffraction
(LEED) pattern in Fig. 3(c) [28], as well as samples
with close to 1:1 domain ratio and a sixfold LEED pattern
as shown in Fig. 3(d) [22,28]. For the latter, CD-ARPES at
the valley momenta now measures a signal superposition
from both time reversal partners K and K’, whose total
OAM should strictly cancel. A detection of nonzero
CD-ARPES at these points thus signals final state inter-
ference artifacts.

Figure 3(e) shows an exemplary CD-ARPES map
measured for a sample with 1:1 domain ratio and hv =
30 eV at the NanoESCA momentum microscope of Elettra
synchrotron, Trieste [29]. The map covers an entire BZ of
indenene (dashed lines) and exhibits a typical signal
asymmetry with respect to the plane of light incidence
expected from geometric dichroism [39]. Repeating this
measurement for a dense grid of photon energies up to
120 eV and integrating the CD-ARPES signal around the
six encircled valley momenta, we obtain their respective hv
dependencies plotted in Fig. 3(f). Except for five distinct
points (43, 47, 62.5, 80, and 90 eV), we observe finite
CD-ARPES signal over the entire photon energy range and
conclude that for the most part, i.e., for an arbitrary v,
CD-ARPES is not a faithful probe of OAM. In contrast, the
zeros in Fig. 3(f) correctly map the suppression of total
OAM at the valley momenta of the two domain system, and
thus mark photon energies where the OAM of indenene can
potentially be isolated.

We thus proceed to step (ii) of our strategy, and measure
high resolution CD-ARPES at beam line 105 of the
Diamond Light Source, Didcot [30,40]. The CD-ARPES
energy dispersions along the K’MK line are summarized
for different sample rotations and photon energies in Fig. 4.
Figure 4(a) shows results of a single-domain sample and
thus clearly distinguishable K and K’ momenta measured at
hv = 80 eV. We detect a strong dichroism sequence at K
that inverts at K’ and thus reflects the OAM characteristics
expected for indenene in the QSHI phase [cf. Fig. 1(c)].
Upon a 60° sample rotation in Fig. 4(b), exchanging K and
K', we observe that the valley dichroism gets inverted,
demonstrating its intrinsic nature. Following our arguments
above, CD-ARPES at hv =80 eV is thus a faithful
representation of indenene’s intrinsic OAM [41].

While the CD-ARPES systematics at hy = 80 eV in
Figs. 4(a) and 4(b) is qualitatively also reproduced for
90 eV, and can be extended to further sample rotations by
120° and 180° [22], we observe a global sign change of the
dichroism signal at 47 eV, as seen in Fig. 4(c). As this sign
change marks a switch of dipole transition from an m; = 0
to an m; = %2 final state, we conclude that the photo-
emission s channel must be suppressed for at least one of
the faithful photon energies.
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FIG. 4. Step (ii)—Confirmation and characterization of faithful
photon energies: High resolution CD-ARPES measurements of a
single domain indenene sample for iv = 80 (a),(b) and 47 eV (¢).
Shown are the CD-ARPES disperion (left) as well as dichroic
energy distribution curves at the valley momenta (right). The light
incidence plane with respect to the hexagonal BZ of indenene is
sketched in the inset. Rotation of the sample by 60° in (b) swaps
TRP K and K’ and, consequently, inverts the dichroism signal.
(c) CD-ARPES at a different faithful photon energy flips the sign
of CD-ARPES as consequence of a switch of final states from
m; = 0tom; = £2. Inset: LEED images taken at 135 eV indicate
the single domain phase.

For completeness, we also measured the CD-ARPES
dispersion of the single domain sample at hv = 62.5 eV,
but found the dichroism asymmetry at K/K’ to reproduce
the interference artifact CD;,,; discussed above [22], mark-
ing this energy as unfaithful for OAM extraction. We
further examined the CD-ARPES of the sample with 1:1
domain ratio at iv = 80 eV and found the valley dichroism
to be strongly suppressed. Similarly, we studied the single
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domain sample at unfaithful photon energies, but found the
valley dichroism to remain invariant under 180° rotation
[22]—both cross-checks that support the reliability of our
strategy.

In this context, we also note that the hv = 80 eV CD-
ARPES signal in Figs. 4(a) and 4(b) located far away from
the valley momenta at around ~ & 1 A~! is not affected by
the rotation, even though the energy is faithful. In contrast
to the pure (L.) polarization observed at K and K’, this
indicates a finite in-plane (L) OAM due to admixture of
p.-orbital character to these states. The observed CD
asymmetry is thus intrinsic, reflecting the rotation invariant
tangential component of this in-plane OAM as predicted by
DFT (see Fig. 8 in Ref. [21]).

Finally, we wish to emphasize that our OAM isolation
strategy only requires knowledge about the translation
group of the investigated 2D system, i.e., knowledge about
its crystal system that is readily obtained from LEED or
ARPES, but does not depend on any a priori information
on its explicit layer group and associated point group
symmetries. It thus constitutes a bias-free, all-experimental
probe of OAM polarization along the light quantization
axis. In combination with spin-resolution, this method
establishes a fast screening method for the topology of
QSHI candidates [15] as well as other 2D quantum
materials such as kagome metals [16] or transition metal
dichalcogenides [42]. It can be easily extended to linear
dichroism in ARPES that—in combination with CD-
ARPES—allows for a full reconstruction of the initial state
wave function [17], hence bypassing the need to approxi-
mate Berry curvature by OAM in the first place.
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