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Towards robust dichroism in angle-
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Dichroic techniques are highly relevant in the field of topological materials, layered systems, and spin-
polarized electronic states. Dichroism in angle-resolved photoemission is per se a matrix element

effect, which depends on the initial and final states as well as on the perturbation by the light field.

Although matrix element effects in ARPES such as dichroism are important for addressing properties
of the initial state wave functions, the results can strongly depend on experimental geometry or final
state effects. Combining experimental data on bulk WSe, taken at soft x-ray photon energies with

state-of-the-art photoemission calculations, we demonstrate that a dichroic observable called time-
reversal dichroism remains unaffected against variation of photon energy, light polarization, and the
angle of incidence. We demonstrate a direct link of TRDAD obtained with both linearly and circularly
polarized photons to the initial state properties indicating its broad applicability. The robustness of this
matrix element effect indicates a considerable benefit over other dichroic techniques and encourages

further experimental and theoretical investigations.

Angle-resolved photoemission spectroscopy (ARPES)' is arguably the
most universal method to probe the electronic band structure of crystalline
materials™. In the past decades there has been a lot of progress resulting in
the development of ARPES-based modalities - soft X-ray, time-resolved’,
spin-resolved’, and advanced combinations of these”®. At the end of the last
century, it was shown’ that ARPES spectral weight depends on the transition
dipole matrix element between the initial Bloch wave and the final states.
However, for simplicity, it is often assumed that the photoemission intensity
is proportional to a one-particle spectral function of the initial states, and
matrix element effects are neglected, even though they have proven to be
pivotal, for example, when identifying topologically non-trivial materials’ or
for disentangling the origin of “waterfall” dispersion in high-temperature
superconductors'’. Matrix-element effects and corresponding angular var-
iation of ARPES spectral weight have been widely used to study the spin
textures as well as the orbital textures*''""*. Namely, linear (LD) and circular
dichroism (CD)"*" in the angular distribution in ARPES have been useful
in assessing (and under certain assumptions even proportional to) orbital
angular momentum or Berry curvature®'® — quantities crucial for the
classification of topological insulators or Dirac and Weyl semimetals. The
continuous efforts in the field eventually led to finding observables such as
time-reversal dichroism in photoelectron angular distributions (TRDAD)™,
intrinsic linear dichroism in photoelectron angular distributions iLDAD)*"
or complex Fourier dichroism”. The discovery of a truly robust observable

that provides direct access to the initial state properties would be of great
importance. In this joint work, combining both photoemission experi-
ment and state-of-the-art photoemission theory on the bulk transition
metal dichalcogenide (TMDC) 2H-polytype WSe,, we show that
TRDAD proves to be a robust dichroic technique and remains stable
under various changes in the matrix element. In particular, we discuss the
robustness of TRDAD in the soft X-ray regime to determine whether the
assumptions about its robustness will hold in a bulk-sensitive scenario.
The TRDAD was tested in the context of experimental geometry, photon
energy, and final state dependence. We not only prove the high
robustness of the observable compared to other dichroic techniques but
also show its versatility lingering in the fact that one can use both linearly
and circularly polarized light sources and extract qualitatively very
similar information. We (i) show that TRDAD methodology is much
broader than previously predicted, (ii) show how TRDAD gives access to
truly intrinsic initial state information and (iii) show a direct link of
TRDAD to orbital angular momentum (OAM) and pseudospin. Con-
sidering the layered structure of WSe,, in which adjacent trilayers are
rotated by 180°, signal integration with increasing photon energy will
eventually lead to averaging and consequent quenching of the dichroic
signal. In addition, we discuss other effects such as phase dependence of
the final state that comes into play at high photon energies. Hence, our
work also touches on possible limitations of soft X-rays when used to
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study materials with alternating layer structure where the wavefunction
character of individual layers reverses.

Results

In any system with inequivalent K and K’ valley introduced by inversion
symmetry breaking, such inequivallence will be reflected in the corre-
sponding pseudovector (orbital, spin, etc.) characterazing the initial state
polarization. Such inequivalence can be accessed by TRDAD with sensitivity
to the intrinsic component of such pseudovectors. To understand how
TRDAD can be seen as an intrinsic version of linear dichroism (LD), the
reader will easily agree that the intrinsic orbital texture of 2H-TMDC
reflected in LD extracted under two distinct azimuthal orientations (0° and
60°), I;p,, and I,  spectra should be antisymmetric with respect to each
other. The I}, - and Ijy, = can, however, individually each contain certain
extrinsic contribution which will be identical to the two spectra. An example
of such an extrinsic contribution can be the contribution of trivial 3-fold
symmetry or non-chiral contributions into the photocurrent. By subtracting
the two during the extraction of TRDAD, these extrinsic contributions
cancel, while the antisymmetric imprint of the orbital texture enhances. And
while the TRDAD was originaly introduced with p-polarization, we will
now show that an alternative using a c-polarized light gives qualitatively very
similar information. To this end, we will introduce an alternative to standard
TRDAD, namely circular-polarization generated TRDAD to which we will
refer to as cTRDAD. The experimental geometry is shown in Fig. 1a, and the
band dispersion measured as the sum of the spectra obtained with C, and
C_ within the plane normal to the light incidence is shown in Fig. 1b. In
Fig. 1c—j, we show the dichroic pattern in constant energy cuts (CEC)
obtained from WSe, single crystals. Specifically, we consider the sum of
measurements taken with left and right circularly polarized light incident on
the sample along the I'-M (8 = 0) direction

(kx,ky> — I, <kx,ky) +Ig (kx,ky> 1)

and extract the LD defined as

(ko) = 1s(=

This procedure has been done for data sets obtained under two distinct
azimuthal sample orientations, i.e., f = 0° and 3 = 60°. Rotating the sample
by 60° is mathematically equivalent to imposing the time-reversal operation
on the band structure Ry [y ) = TlyK) = |y¥,). In Fig. 1, we now
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Fig. 1 | Experimental geometry, band dispersion and cTRAD CECs. The
experimental geometry of the measurement is shown in a. 6 defines the out-of-plane
component of the incoming light, @ changes the in-plane component. The band
dispersion for the sum of circularly polarized light in b was extracted along the plane
normal to the (blue) light incidence plane. Comparison of experimental and SPR-
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In analogy to the time-reversal dichroism (TRDAD) obtained with
p-polarized light (which we will refer to as pTRDAD from now on)®, we
call the presented signal cTRDAD, specifying the use of summed circularly
polarized light. We have subtracted the signal of two spectra obtained on
WSe, samples rotated by 60° with respect to each other. To remain
qualitatively as close as possible to the band dispersion, the difference of the
two spectra was not divided by the sum of the two. Detailed extraction of
theoretical (Supplementary Fig. 1) and experimental (Supplementary
Figs. 2 and 4) cTRDAD can be found in the Supplementary Note 2.

To explain the qualitative similarity of c and pTRDAD we provide a
detailed derivation of the corresponding matrix element mixing term for
hnear dichroism as defined by (2) in Supplementary Note 1 for
* e (k.. k s k,) and I bk, k ” k,). The expressions (5) and (7) in Sup-
plementary Note 1 show a clear proportionality of the two LD to the T T,
mixing term which implies sensitivity to the y-component of OAM L,. As
the link was already pointed out in the supplementary material of ref. 20 for
PTRDAD, due to the extreme similarity of ¢/pTRDAD we can conclude that
cTRDAD is also sensitive to orbital pseudospin defined as
of/ K(k) = K/ K |5, |1pK/ Ky where 6 G, is the Y-Pauli operator. Additio-
naly, the formatlon of pseudospin arising from the coupling of wave
functions d., and d . is inherently conected to the formation of in-plane
orbital angular momentum with alternating sign between the K and K’
valleys. The comparison of the experimental and corresponding one-step
model calculations in Fig. 1 shows that there is a high degree of experimental
and theoretical cTRDAD agreement over a range of valence band binding
energies. Despite the fact that (i) these data were extracted using C-polarized
light and (ii) measured at significantly higher and thus more bulk-sensitive
photon energies, the spectra show a reasonable agreement with those in
ref. 20. This surprising observation indicates that TRDAD seems to be a
robust quantity. In the following, we will thus analyze and discuss the
dichroism under variation of certain experimental conditions.

We will first briefly examine the information depth of TRDAD. It was
shown in ref. 20 that the TRDAD is sensitive to a pseudospin in the initial
state wave function of WSe,. The states at the valence band maxima at K/K’
pomts can be wrltten down in terms of a minimal model as
|1[/K/ Ky = C,,(0)d,,) + Cy (k)|d,.)*. This holds for a single layer WSe,
in Wthh inversion symmetry is broken and thus states of OAM |d, , ) with
an alternating sign between the K and K’ valleys are formed. The particular

E,=0.49 eV E,=0.96 eV

E,=2.31eV

E,= 249 eV

k.

X

neg

KKR c-TRDAD measured at hv = 260 eV with the sum of C, and C_ polarized lights
at different binding energies. The photons arrive along I'-X direction.

c—j Comparison of one-step model to the experimental data. The cuts are extracted at
¢, 8E,=049eV,d,hE,=0.96eV,e,iE, =2.31 eV,andf,jE, = 2.49 eV, d contains a
BZ scheme. The diameter of CECs d=3,2 A.
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pseudospin arises upon hybridization of those states with d . orbitals giving
rise to a likewise threefold symmetric TRDAD pattern, as observed in
Fig. 1cj.

In the case of inversion-symmetric bulk WSe,, in turn, quenching of
pseudospin - and consequently vanishing TRDAD pattern — would be
expected. Contrary to this, we still see a TRDAD signal similar to a single
monolayer. This types of ‘hidden’ spin™*, pseudospin®, and orbital®
polarization have been observed in spin-resolved and dichroic ARPES on
layered bulk transition metal dichalcogenides and were explained with the
high surface sensitivity of VUV-ARPES. In turn, this effect reduces upon
increasing the photon energies and with that getting less sensitive to the
uppermost layer. For instance, the measured photoemission spin polariza-
tion in bulk WSe, has been found to reduce to almost zero for hv > 40 eV,
In the present case, however, the observed cTRDAD is still noticeable for
high photon energies of 260 eV, i.e,, in the SX regime. We thus conclude that
our TRDAD measurements in the soft X-ray regime still preserve sensitivity
to pseudospin. At this point, it should also be noted, that we have conducted
measurements at 460 eV, where the overall dichroism is strongly attenuated.
In highly bulk sensitive (460 eV and 860 eV) regime where contributions of
even and odd layers with opposite orbital character become comparable, an
uniform sign reversal of TRDAD occurs. This can be explained by the phase
of the final state which changes with increasing photon energy. The phase
change consequently results in the amplitude of the final state oscillations to
enhance the contributions from the lower laying layers. It is important to
note that this (i) occurs only when the contribution of the even and odd
layers are comparable and (ii) this only confirms the robustness of TRDAD
as up to the sign, the qualitative information contained in TRDAD does not
change. This is further supported by Supplementary Fig. 5.

We will now show how independent of geometry both pTRDAD and
cTRDAD are. First, we measured in the same geometry with @ = 0 as shown
in Fig. 1. Since conventional photoemission setups usually do not allow for a
change in the direction of the incoming light, we used the relative rotation of
the sample with respect to the analyzer and the light to mimic the situation
in which the light arrives rotated by 90° to the earlier scenario. Further
details of how this relative rotation is done are shown in Supplementary
Fig. 3 in the Supplementary Note 2.

The corresponding experimental result is shown in Fig. 2a and
demonstrates the independence of cTRDAD from experimental geometry.
This is further illustrated by the one-step model in Fig. 2c-f, where by
manipulating @, the in-plane component of the incident light is changed
systematically, while the changes of the corresponding signal are negligible,
according to the experimental observations. This implies robustness of
TRDAD in general to the experimental geometry. Next, we discuss the
qualitative difference between pTRDAD (as calculated in Fig. 2g-j) and
cTRDAD (in Fig. 2c-f). An agreement between the two is immediately
noticeable. More analysis is provided in Fig. 3 where cTRDAD and
PTRDAD are compared. First, at 230 eV, the changes between the two
become slightly more apparent - even though the two retain a high degree of
correspondence in the first BZ, the further we move fromthe I' point, the
more weight will be gained by the “off-normal” component to the matrix
element, and the signal of pTRDAD and ¢cTRDAD does not necessarily
maintain the one-to-one correspondence. Another effect to keep in mind is
the acquired Bloch phase that comes into play and the corresponding
slightly different effect on pTRDAD and cTRDAD.

Nonetheless, Fig. 3a, b prove that, even if the intensity of the corre-
sponding CEC is not identical, the signal of the related TRDAD is very
similar. This is also true for the four line profiles A-D in Fig. 3e extracted
from four areas sketched in Fig. 3a. It is apparent that in these four areas,
there are small, but finite differences between the two quantities as the
photon energy changes. At the same time, it can be seen that the total sign of
the signal remains the same.

Until now, in the SPR-KKR calculations, we have always used so-called
time-reversal low energy electron diffracted (TR-LEED) final state to
describe the photoelectron transition matrix element. Let us further discuss
the importance of the final state in the matrix element. The p/cTRDAD in

Fig. 3 and the corresponding line-profile extraction in areas A-D show that
both magnitude and sign are robust against variation of hv once the TR-
LEED final state is used. The impressive reliability of the TR-LEED final
state is also discussed elsewhere™*”. For the purpose of this work, it is
sufficient to note that unlike the free-electron (FE) final state, TR-LEED final
state “feels” the environment of the solid — its analytical form depends on
the scattering environment of each scattering site of the sample. This and the
fact that its amplitude attenuates in the crystal are the main features that
cannot possibly be captured by the FE final state description of the three-step
model. From previous work’, it immediately follows that the final state
description itself is defining for the correct representation of LD and CD.
Figure 3 shows, however, that it is also critical for the TRDAD, and once the
simplified FE approximation is used in Fig. 3¢, d, the overall observables
discussed here are no longer captured properly. Despite the fact that Fig. 3e
shows somewhat similar behavior for both TRDAD with FE final state, their
corresponding sign is not preserved over the range of photon energies used
here. This implies that all of these observables are sensitive to the envir-
onment of the sample. This inherently local property of TRDAD may
further contribute to the discussion of whether dichroism, in general, is
sensitive to local “atomic” orbital angular momentum or to non-local orbital
angular momentum manifolds, as understood by the “modern theory of
polarization™". The hv evolution of the signal with the TR-LEED final state
is much less pronounced and can most likely be attributed to simple k-
dispersion evolution.

To unambiguously determine to which intrinsic hidden initial state
property the cTRDAD is sensitive to, one needs to consider the underlying
symmetry of the measured sample. As seen from the Supplementary Fig. 6
and the explanation there, we can confidently claim that TRDAD in 2H-
WSe, is sensitive to hidden inversion symmetry breaking (ISB) stemming
from the W atoms. From the discussion present there it becomes apparent
that in 1T polytypes (with inversion symmetric trilayers) one becomes
sensitive to the “intrinsic” OAM within the topmost layer due to different
photoelectron yield from different chalcogenide atoms. Accessing hidden
properties is nicely demonstrated in ref. 28, where analog to TRDAD (in a
system with different symmetry) is used to remove the “spurious” trivial
contributions of the crystal to extract so-called “intrinsic chiral circular
dichroism” (icCD) which by subtracting two LD spectra in different crystal
orientations removes contributions coming from the simple 4-foldness of
the system and is sensitive to electronic chirality.

Finally, we point out a few experiment-relevant aspects. One reason for
using C; + C_ is the proof of principle and the limitation of the experi-
mental setup used. As the matrix element terms of p-polarized and summed
circularly polarized lights are to a high degree similar, our work also provides
a pathway to obtaining more direct information about quantities such as
initial state orbital symmetries (usually addressed with linearly polarized
light) with circularly polarized photons where the capabilities of different
experimental facilities need to be considered. Additionaly, our approach
allows for accessing L, component of OAM which is conventionally not
accessible in measurements with circularly polarized light (with light inci-
dence along x-z plane). While the x- and z- components are conventionally
accessed by CD measurements, using the sum of the two circular polar-
izations gives access to a linearly independent third component of OAM
allowing for a complete methodology.

Due to the two WSe, terminations present at different domains (and
their 180° rotated orientation with respect to each other) on one sample and
the three-fold symmetry of the P6;/mmc (194) space group, it would have
been possible to perform the experiment without actually having to rotate
the sample. The two domains represent the two sample orientations
necessary for the TRDAD extraction, further facilitating the experimental
use of the relevant observables. When scanning for the rotated domain, one
needs to make sure of the dominant single-domain contribution. Experi-
mental observation that moving from one to the other domain gives qua-
litative identity to the results obtained with rotating by 60° confirms that the
TRDAD in the adjacent trilayers reverses sign. Besides the sign reversal, its
distribution over the BZ remains the same.
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Fig. 2 | Systematic change of the in-plane com-
ponent of the incoming light for CEC at

E, = 0.96 eV. a and b show experimentally mea-
sured time-reversal dichroism in photoelectron
angular distributions with c-polarized light
(cTRDAD) corresponding to geometries with light
(orange arrow) arriving from the left in a and from
the top in b. The spectra were measured at hv =
260 eV. Qualitative comparison of pTRDAD and
¢TRDAD and their dependence on experimental
geometry as delivered by the spin-polarized relati-
vistic Korringa-Kohn-Rostoker (SPR-KKR).

c—f show the systematic change of the in-plane
component of the incoming light by rotating it from
0° to 90° for cTRDAD. g-j show the same for time-
reversal dichroism in photoelectron angular dis-
tributions obtained with p-polarized light
(pTRDAD). The red and blue in the color bar
indicate positive and negative values, respectively.
The scale bars are 1 A.
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Fig. 3 | One-step model intensity and corresponding time-reversal dichroism in
photoelectron angular distributions (TRDAD) with time-reversed low-energy
electron diffraction (TR-LEED) and free-electron (FE) final states for constant
energy cuts (CEC) at E;, = 0.96 eV. a Intensity and pTRDAD (TRDAD obtained
with p-polarized light), b intensity and cTRDAD (TRDAD obtained with
c-polarized light), both with TR-LEED final state. ¢ and d contain respectively the

hv [eV] hv [eV]

same information, yet with FE final state. Cuts a-d were extracted for hv =230 eV.
e Shows corresponding signal changes in TRDAD with photon energy in areas A-D
as sketched in a. Full red (blue) lines in e represent TR-LEED extracted with c- (p-)
polarized light. Dashed lines correspond to FE final states with the same color coding
for the polarization.
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Another methodological point to make is that, unlike in refs. 20,21
where a time-of-flight detector (TOF) was used, we have acquired the
experimental spectra using a hemispherical analyzer with deflectors. Such a
setup, unlike those where one needs to rotate the sample to obtain full BZ
information, preserves the matrix element of the photoemission process in
the same fashion as in TOF measurements.

Conclusions

In conclusion, this study has provided a significant advance towards a
complete methodology to map the energy- and momentum-dependent
complex wave functions. In particular, this work has presented both
experimental and theoretical observations that prove the extreme robust-
ness of TRDAD and extend its potential use to the soft x-ray photon
energies. To do this, we have shown analytical equivalence of LD generated
with linearly polarized and a sum of circularly polarized lights to introduce
cTRDAD. This allowed us to directly link cTRDAD to OAM and pseu-
dospin. We have shown the qualitative similarity of cTRDAD to pTRDAD
that can be used in experimental setups with sole access to circularly
polarized light. With its almost independence from experimental geometry
or photon energy, TRDAD in general as a robust photoemission tool pro-
vides much more direct access to the wave-function properties of the initial
state. Due to certain qualitative similarities of LD and CD'*"*, we also expect
that another modification of TRDAD which uses a difference of circularly-
polarized light should in principle carry similar information to ¢/pTRDAD
and gives access to orbital pseudospin. Our findings which are further
discussed in the Supplementary Notes 1-3 will be relevant to other materials
— not only to TMDC:s within the trigonal prismatic phase (2H), but also to
other three-fold and four-fold symmetric systems. Given the alternating
trilayer structure of WSe, and the bulk-sensitive photon energies used, this
study will also contribute to the debate of hidden photoemission observables
such as hidden spin polarization or dichroism buried in alternating
structures™”’.

Methods

Experimental details

The experimental part of this work was performed at the soft x-ray beamline
P04 of PETRA III at DESY with higly (>90%) circularly polarized syn-
chrotron light and hv = 260-460 eV. The incident photons arrived at the
sample along the xz-plane under the angle of incidence 6 = 17° with respect
to the sample surface. The Scienta DA30 analyzer slit is oriented in the plane
parallel to the incoming light. The energy and angular resolutions were
better than 90 meV and 0.1°. During the experiment, the pressure was better
than 3 x 10" mbar, and the sample temperature was kept below 50 K.

Theoretical details

The theory was supplemented by the state-of-the-art one-step model
based Spin-polarized-relativistic Korringa-Kohn-Rostoker (SPR-KKR)
package which has proven to be highly reliable in reproducing photo-
emission data, details of which are discussed elsewhere’. The package
takes into account sample termination and accurately represents all the
photoelectron transition matrix-related phenomena, resulting in highly
accurate photoemission spectra simulations. The versatility of SPR-KKR
in modeling physical systems has been demonstrated not only on
TMDCs****, but also on simple systems such as Pd™, heterostructures™
or topologically non-trivial systems such as TaAs™. By nature of the
multiple scattering formalism, a highly accurate multiply-scattered time-
reversed low energy electron diffraction (TR-LEED)**” is the default
final state choice. Nonetheless, the final state can be tinkered with, higher
scattering terms can be neglected, and the state can be reformulated into
simplified expressions such as single-site scattered or free-electron-like.
We have used the structurally identical model of WSe, as in ref. 20. Due
to the different inelastic mean-free path of the photoelectrons, however,
the imaginary part of the final state was changed to match the experi-
mental data also in the 200-300 eV regime (Vo; = 1.0 eV). The inelastic
mean free path (IMFP) is treated by intoduction of the finite imaginary

part Vorof the effective potential for the final state, the penetration depth
of photons is considered to be much higher than the IMFP.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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