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The electronic structure of Weyl semimetals features Berry flux monopoles in the bulk and Fermi arcs at
the surface. While angle-resolved photoelectron spectroscopy (ARPES) is successfully used to map the bulk
and surface bands, it remains a challenge to explicitly resolve and pinpoint these topological features. Here
we combine state-of-the-art photoemission theory and experiments over a wide range of excitation energies for
the Weyl semimetals (WSM) TaAs and TaP. Our results show that simple surface-band-counting schemes, pro-
posed previously to identify non-zero Chern numbers, are ambiguous due to pronounced momentum-dependent
spectral weight variations and the pronounced surface-bulk hybridization. Instead, our findings indicate that
dichroic ARPES provides an improved approach to identify Fermi arcs but requires an accurate description of
the photoelectron final state.

Angle-resolved photoemission spectroscopy (ARPES) [1,
2] provides information about the initial state electronic wave
functions in the momentum space of crystalline solids [3, 4].
The Bloch wave functions enter the measured intensity dis-
tributions as the initial state of the photoemission matrix ele-
ment. The photoemission intensity distribution, which is pro-
portional to the square of the absolute value of this matrix
element, in principle, contains crucial information about the
topological properties that are in general closely related to mo-
mentum dependence of the wave function Ψ(k). At the same
time, however, the photoemission matrix element depends on
the final state of the emitted photoelectron which complicates
the extraction of information about the initial state. The ef-
fect of the transition dipole matrix element is often viewed as
detrimental as it breaks the quasi-one-to-one correspondence
between the measured spectra and occupied band structure. It
strongly modulates the momentum- and energy-resolved spec-
tral weight of individual electronic bands and in some cases,
can lead up to a complete suppression of photocurrent in cer-
tain parts in the momentum-space [4, 5]. The possibility of
complete suppression of the photoemission intensity shows
that, in some cases, matrix element effects are absolutely cru-
cial for the interpretation of ARPES spectra.
TopologicalWeyl semimetals (TWS) that exhibit massless rel-
ativistic fermionic quasiparticles have remained a pivotal topic
in condensed matter physics in recent years [6, 7]. They con-
tain Weyl points (WP), i.e. topologically protected cross-
ings of the spin-polarized bulk valence and conduction bands,
which appear in pairs of opposite chirality, and are connected
by topological surface states referred to as Fermi arcs. The
topology in WSM manifests itself in the monopole charge of
the Berry curvature, i.e., the integral of the latter around a
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WP is integer quantized reflecting a Chern number of ± 1.
Substantial progress in identifying Berry flux monopoles has
been made, e.g. using transport experiments [8] or circu-
lar dichroism (CD) [9–13] that indicate characteristic spectral
weight behavior in surface and bulk states near WP. However,
the ARPES related signatures rely on simplifying assumptions
such as two-band systems or free-electron (FE) like final state
in CD [10]. Another approach is to use the chiral edge mode
counting criterion relying on the bulk-boundary correspon-
dence, which states that the number of surface Fermi arcs con-
necting to the WP reflects the net Chern number of the latter
projected on the surface Brillouin zone [14]. Based on this,
surface-sensitive ARPES measurements have been used to ad-
dress the projected Chern numbers in the paradigmatic WSM
TaAs and TaP [15–17]. However, as we will demonstrate later,
strong spectral weight variations in dependence of photon en-
ergy and polarization lead to substantial complications and call
into question the analysis introduced in Ref. [15].
In this joint experimental and theoretical work, we address the
spectral weight variations of surface and bulk states near Weyl
nodes and conclude the importance of matrix elements and
proper final state description to achieve detailed information
about the Bloch states. Our work questions previous ARPES-
based identification of Fermi arcs and non-zero Chern num-
ber in TaAs that neglected these effects [15]. In the approach
presented here, we aimed to combine the chiral-edge mode
counting criterion, topological signatures in linear and circu-
lar dichroic ARPES measurements and state-of-the-art pho-
toemission theory in a coherent way and found a more general
approach for identifying the Berry flux monopoles combining
the ab initio depth-sensitive photoemission calculations with
experiments in the vacuum ultraviolet (VUV) and soft X-Ray
(SX) regimes.
The one-step model of photoemission calculations as imple-
mented in the SPR-KKR band structure software package [18],
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based on Green’s function and multiple scattering spin-density
matrix formalism properly include all the matrix element ef-
fect related phenomena. This fully-relativistic method gives
access to a photoemission signal with an accurate angular vari-
ation of ARPES spectral weight caused by an experimental ge-
ometry, photon energy and polarization state or surface termi-
nation [19–22]. In addition, an imaginary potential term V0i is
added to the single-particle cell potential to simulate life-time
effects in the initial state. The surface sensitivity is addressed
by the finite imaginary part V0f of the effective potential for
the final state that adequately accounts for the corresponding
inelastic mean free path (IMFP). Surface potential is realisti-
cally described by a spin-dependent Rundgren-MalmstrÃűm
barrier V ↑↓(z) [23]. Within the package it is possible to ar-
tificially manipulate the bulk-sensitivity of the experiment or
to distinguish between the time-reversed low energy electron
diffraction (TR-LEED) final state [24, 25] and a FE final state
that is often used as simplifying assumption in the SX regime
(and often necessary for a close relation of CD and Berry cur-
vature). The calculated one-step model spectra use TR-LEED
final states unless a FE final state is mentioned specifically. As
a basis for the self-consistent field of the bulk TaP and TaAs
(Fig. 1(a)) (space group [109]), we have used a lattice constant
of 3.318 Å for TaP and 3.435 Å for TaAs. On-site Coulomb
repulsion term can have a significant effect on how well the
topological nature of the material is captured by the theoretical
model [26]. After performing a set of LDA+U calculations,
we conclude that we did not see significant changes in the ob-
servables of the photoemission even for Hubbard U = 5eV .
This makes us certain that the topology-related conclusions
made in this manuscript are indeed well captured by our the-
oretical model. For more detailed information about the the-
oretical calculations see Supplemental Material at [URL will
be inserted by publisher].
The ARPES experiments in the VUV regime on the TaP single
crystals are performed at the MAESTRO-endstation at beam-
line 7 of the Advanced Light Source (ALS) using a photon
energy of h� = 105 eV with linear horizontal and vertical
polarization. The plane of incidence of the incoming pho-
tons is located in the xz-plane (Fig. 1(b)) with light coming
under an angle Θ = 35.25 ◦. The slit of the Scienta R4000
analyzer is oriented in the same plane as the incoming light.
The energy and angular resolution is better than 30meV and
0.01Å−1 [13]. The SX-ARPES experiments were carried out
at ASHPERE III at the Beamline P04 of PETRA III at DESY
with circularly polarized light and h� = 590 eV. The experi-
mental geometry is the same as at the MAESTRO-endstation
except for the angle of incidence Θ = 17 ◦. The energy and
angle resolution is better than 90meV and 0.1 ◦. For both ex-
periments the UHV conditions were better than 3 ⋅10−10mbar
and the sample temperature was lower than 50K.
Let us first consider the band counting argument used in

previous ARPES studies [15–17]. For photon energies in the
VUV regime, ARPES is mostly sensitive to the surface states
in Ta(As, P) [13, 17, 27]. Besides the striking agreement in
terms of spectral weight of experimental and calculated data,
our VUV TaP data in Fig. 1(c)-(f) demonstrate the importance
of matrix-element effects. Figure 1(d) shows a band struc-

FIG. 1. (a) Crystal structure of TaP and TaAs. (b) Geometrical con-
figuration used both in experiment and SPR-KKR calculations. p- or
s-polarized VUV (ℎ� = 105eV) photons are focused onto a freshly
cleaved bulk crystal at an angle of incidence of Θ = 17 ◦ (33.25 ◦
for the VUV data in Fig. 3). The figures (c) and (e) show constant
energy contours (CECs) at EF taken with p- and s-polarized VUV
light respectively. For both CECs in (c) and (e), a corresponding band
structure cuts (d) and (f) were extracted in the anticlockwise direction
starting along the kx direction as represented by a−b−c−d sequence
in (c). One-step model photoemission intensity calculations on TaP
are on the left and experimental data are on the right.

ture cut along a k∥-loop as indicated in Fig. 1(c) for ARPES
data taken with p-polarized light. The experimental data are
in good agreement with photoemission calculation, and there
are three Fermi-level crossings labeled as �+, �−, and �. The
projected WP enclosed by the curve has a net chirality of
C = +2 [16]. Thus, based on the bulk-boundary correspon-
dence, the latter should be reflected by the difference of left
and right-moving edge modes C = NR −NL [15–17]. How-
ever, in our data set shown in Fig. 1(c) and the corresponding
band structure cut in Fig. 1(d) one finds C = 2 − 1 = +1
contradicting the theoretical expectation. Evenmore divergent
results are found when considering ARPES data taken with s-
polarized light (Fig. 1(e) and (f)). Again, in good agreement
between the SPR-KKR calculations and the experimental data,
one finds C = 0 − 1 = −1, since the photoemission inten-
sity of the surface states "�+" and "�−" is almost completely
suppressed under these experimental conditions. Two impor-
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tant conclusions can be drawn from these observations: First,
there are three surface state features at EF that connect to the
projected WP. The question how this can be reconciled with
the bulk Chern number has been discussed previously but re-
mains unclear. Second, the consideration of the mere ARPES
intensity alone is not a rigorous proof of the topological invari-
ant. On the one hand, it is not directly evident, which surface
states have to be considered in the counting criterion andwhich
do not, i.e., which are topological or trivial surface states, re-
spectively. On the other hand, photoemission matrix element
effects can lead to complete intensity suppression of specific
features, so that the counting criterion based on a single data
set is not a meaningful approach. In particular, in the data set
of Ref. [15] the feature � is completely suppressed in intensity,
leading to C = 2 and, thus, to an ostensible agreement with the
bulk Chern number.
The issues mentioned above show that considering only the
band dispersion is not sufficient to assess the topology in
WSM. Instead, the essential changes of the wave function
character as a function of momentum have to be consid-
ered [13, 28]. It has been shown that the spoon features �±
in TaP(001) at ky=0 are built from P px and pz as well as
Ta dxz, dx2−y2 and dz2 character. In agreement with the en-
hanced (suppressed) photoemission intensity using p-(s-) po-
larized light (see Fig. 1), all of these states are even with re-
spect to y → −y. On the other hand, the neck features � have
predominantly odd dyz and dxy character (again in agreement
to the polarization-dependent ARPES data in Fig. 1). The
characteristic change of orbital character is likely accompa-
nied by a variation of the spin- and orbital angular momentum
which are aligned by spin-orbit coupling (SOC). Due to inver-
sion symmetry breaking (ISB) in the Ta(As, P) bulk crystal
structure and at the surface, a sizable orbital angular momen-
tum (OAM) ⟨L⟩ = ml can be formed in the wave functions
of both the surface (SS) and bulk states (BS) [13]. While the
even orbitals building up the spoon features can form finite
OAM expectation values my,1 = ±1 (px ± ipz) and my,2 = ±2
(2dxz±i

√

3dz2±dx2−y2 ), the odd dyz and dxy character of � al-
lows for the formation of an additional strong x-component of
the OAM; mx,2 = ±1 (dyz ± i dxy). This picture overall agrees
well with the calculated spin texture of the features in [9] and
Fig. SM1, and suggests a SOC-induced alignment of OAM
and spin. As such, the orbital symmetry change around the
projected WP, which in turn leads to the strong spectral mod-
ulation in the polarization-dependent ARPES data, is likely
accompanied by a change of the OAM (and spin [28]) texture.
The OAM can be addressed more directly using ARPES com-
binedwith linear [29] or circular dichroism [9, 30]. The former
occurs in measurements taken with p-polarized light due to the
broken experimental mirror symmetry along kx → −kx, al-
lowing for an asymmetric intensity distribution, which results
in the linear dichroism (LD)ΔILD = I

(

kx, ky
)

−I
(

−kx, ky
)

.
Within the experimental geometry used (Fig. 1(b)) one finds
that the LD is sensitive to the y component of the OAM [29].
Figures 2(a) and (b) show the LD results in a Fermi map as
measured experimentally and calculated within the SPR-KKR
one-step model of photoemission, respectively. Clearly, a LD
sign change is observed close to the momenta of the projected

FIG. 2. LD, CD and determinant criterion in VUV regime on TaP.
(a) shows experimentally measured LD using the same experimental
geometry as described in Fig. 1(b). Calculated LD with TR-LEED
final state (b) and FE final-state in (c). The determinant criterion
plot for the corresponding CECs is provided by the one-step model
(KKR) method in (d). (e) and (f) represent the corresponding E(kx)
cuts marked by the dashed green line in (a) and (b). (g) shows the
E(kx) plot of the corresponding determinant criterion. The spoon-
and neck-shaped features are labeled �+,�−, and � correspondingly.
The circles denote projectedWP. Red and blue colors ofWPs indicate
opposite chirality.

WP [13], which is further supported in great detail by the cal-
culated LD pattern (Fig. 2(b)). This can also be seen in the
band structure cut (Fig. 2(e) and (f)) through the projectedWP
along kx (as labeled by the dashed line in Fig. 2(a) and (b)).
The spoon features �± have an opposite sign compared to �
suggesting a sign switch of the OAM my.
It has been suggested that the strong modulations of the wave
functions close to the projected WP arise from a transition of
the surface states into surface resonances, i.e., bulk-like states
with an enhanced probability density at the surface [13]. We
will now first explore this transition in more detail by exam-
ining the so-called determinant criterion [31, 32] and subse-
quently come back to what this might entail with a change of
the LD sign.
Within the one-step model multiple scattering theory a surface
barrier which connects the inner potential of the bulk crystal
with the vacuum is introduced. Solving the multiple scattering
problem of a wavefield between the surface of the semi-infinite
bulk crystal and the surface barrier potential requires use of
the reflection matrices of the bulk crystal Rb and the barrier
potential Rv. The SS, surface-bulk resonances (SBR) or BS
character can consequently be determined by the determinant
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FIG. 3. (a) shows the sum of intensitites measured by left- and right- polarized light in SX regime at 590 eV in TaAs, (b) the dichroism based
on these intenities. (c) shows the one-step model based calculated dichroism with TR-LEED final state and (d) the calculated CD with FE final
state. The cuts were extracted at the ky position of the WP similarly to the cuts in Fig. 2 (e)-(g). (e) shows determinant criterion. The expected
position of the WP is marked with a circle; SS, SR and BS are marked by arrows.

criterion using the value of ||
|

det
(

1 −RbRv
)

|

|

|

[32]. In the
determinant color scale, the smallest values (in white) cor-
respond to SS being mostly localized between the topmost
atomic layer and surface potential. The black states corre-
spond to BS whereas the SBR states, being partially reflected
from the bulk states are shown in brown color. This ab ini-
tio tool demonstrates that both the inner and the outer part of
the spoon-shaped feature �± in Fig. 2(d,f) have a clear surface
character while the neck feature � is mostly of SBR nature.
On the other hand, at the position of the projected WPs, the
character of associated photocurrent is clearly bulk-like as ex-
pected and shows a clear separation of the spoon and neck fea-
tures. Taken together, the determinant criterion directly shows
that �± are real surface states but �+ smoothly develops from
a such to a SBR � when approaching the projected bulk bands,
i.e., more precisely the projected WP.
We now come back to the LD sign change observed at the pro-
jected WP, or more generally, to the overall expected change
of the OAM texture around these momenta. It has been shown
recently, that the OAM of the bulk bands, i.e., the bands form-
ing the Weyl cones, is strongly modulated around the WP [9].
More precisely, complete OAM sign changes occur (see fur-
ther discussion below) [9]. The LD observed in the surface
states hints to an OAM-polarization of these as well. In con-
nection with the SS-SRS transition, the modulation of the
OAM texture around the projected WP can likely be attributed
to an alignment of the surface state OAM with those of the
bulks bands when the former develops into SRS.
Similar observation relations between the OAM and CD can
be drawn in SX regime. In Fig. 3(a) we show a sum of pho-
toemission intensities of IR andIL with corresponding CD in
Fig. 3(b). The crossing of the bands denoted as bs1 and bs2
forming a Weyl cone give rise to a WP at their intersection.
The measured and calculated CD in Figs. 3(b) and 3(d), re-
spectively, show a distinct sign flip exactly at the crossing of
bs1 and bs2, which agrees with the sign reversal of theLx com-

ponent of OAM [9]. It should be noted that one still sees a
dichroic signal coming from the surface states �+ and �− in
the calculated spectra in Fig. 3(c) and (d) which are missing
in experiment due to high resolution and well resolved corre-
sponding bands in the calculation. The determinant criterion
plot in Fig. 3(e) confirms a bulk character of bands denoted
as bs1, bs2 (partially overlapping with � feature) and bs3. The
bulk character of the corresponding bands is further confirmed
by artificial manipulation of the imaginary part V0f of the final
state in the supplemental material (Fig. SM2) that shows much
higher photoemission intensity of the bulk state with lower
value of V0f (and therefore higher bulk-sensitivity) while the
intensity variation of surface states ss1 and ss2 changes only
slightly.
Based on theoretical predictions of previous works, relation-
ship between dichroism andOAM is based on FE final state ap-
proximation [10, 30, 33]. In general, dichroic signals are final-
state-dependent and, thus, the relation between the abovemen-
tioned observables and dichroism requires a proper final state
description. So far our experimental and theoretical results
establish characteristic modulations in the dichroism near the
Weyl nodes, both under surface and bulk sensitive conditions.
Motivated by the general importance of dichroic ARPES, we
will now explore the role of the photoelectron final state for
a proper understanding of these modulations. Therefore, we
have performed one-step model calculation using a rigorous
TR-LEED as well as a FE final state for both the VUV and
SX-ARPES data (compare Figs. 2(b,c) and 3(c,d), respec-
tively). It is apparent that the LD spectra in Fig. 2(b) and (c)
do not even qualitatively match. The non-existent sign flip of
LD with FE final state at WP does not agree with the exper-
imental dichroism data. As discussed in more detail before,
there is again a good agreement between the measured CD
(Fig. 3(b)) and the photoemission calculation (Fig. 3(d)) if a
TR-LEED state is used in the SX-ARPES case. This texture,
in turn, agrees well with the calculated initial state OAM, as
shown in [9]. However, using a FE final state, this is not the
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case: In particular, the experimentally observed CD (OAM)
sign changewithin the lower part of theWeyl cone is not found.
Yet, this signature is crucial for non-trivial winding of OAM
and Berry curvature around the WP. Taken together, in both
cases studied, i.e., the LD on the surface states and the CD on
the bulk states, the FE final state approximation does not repro-
duce the experimental data. Consequently, we conclude that a
more realistic description of the final state is needed to explain
dichroism by modeling the photoemission matrix element. It
immediately follows that the relation between dichroic ARPES
and OAM in the initial state, which indeed seems to be quite
reliable, cannot be explained within this final state picture.
To conclude, both surface and bulk sensitive ARPESmeasure-
ments on TaP and TaAs show pronounced spectral weight vari-
ations near the Weyl points. As we showed, their presence
questions previous ARPES-based identification of non-zero
Chern numbers from surface band counting [15]. Our calcula-
tions show that understanding these spectral weight variations
requires an accurate description of the photoemission matrix
element, beyond simplifying assumptions such as the free-
electron final state approximation. The importance of the final
state description calls for more accurate approximaions in real
systems beyond a two-band systems and FE description [10]
to directly relate CD and Berry curvature. In close compar-

ison to theory, ARPES signatures, such as dichroism, yield
detailed information about the character of the initial Bloch
states near the Weyl points, e.g. with regard to surface/bulk
localization and orbital symmetry. These findings will be also
relevant to other material classes, such as MoTe2 and WTe2
where the Weyl character of the band structure remains con-
troversial [12, 20, 34–36]. More generally, our results push
forward the general understanding of dichroic ARPES and its
relation to orbital angularmomentum andBerry curvature. We
believe that after pinpoining the drawbacks and incomplete-
ness of the chiral edge counting criterion, the new methodol-
ogy presented here not only establishes a new systematic and
complete approach for the spectroscopic analysis of the elec-
tronic structure in these specificWeyl semimetals, but will find
its use also when addressing many other topological quantum
materials.
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