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Angle-resolved spectroscopy is the most powerful technique to investigate the electronic band structure of
crystalline solids. To completely characterize the electronic structure of topological materials, one needs to go
beyond band structure mapping and probe the texture of the Bloch wavefunction in momentum-space, associated
with Berry curvature and topological invariants. Because phase information is lost in the process of measuring
photoemission intensities, retrieving the complex-valued Bloch wavefunction from photoemission data has yet
remained elusive. In this Article, we introduce a novel measurement methodology and observable in extreme
ultraviolet angle-resolved photoemission spectroscopy, based on continuous modulation of the ionizing radiation
polarization axis. By tracking the energy- and momentum-resolved amplitude and phase of the photoemission
modulation upon polarization variation, we reconstruct the Bloch wavefunction of prototypical semiconducting
transition metal dichalcogenide 2H-WSe2 with minimal theory input. This novel experimental scheme, which is
articulated around the manipulation of the photoionization transition dipole matrix element, in combination with
a simple tight-binding theory, is general and can be extended to provide insights into the Bloch wavefunction of
many relevant crystalline solids.

INTRODUCTION

Wavefunctions are mathematical descriptions of the quan-
tum state of a system and are ubiquitous in quantum mechan-
ics. They are complex-valued probability amplitudes, and the
probabilities for the results of any measurements made on a
quantum system can be derived from them. Because of their
complex-valued nature, and since most experimental tech-
niques are sensitive to the square-modulus of the wavefunction
– leading to a loss of the phase information – reconstructing
wavefunctions from experimental observables is a challenging
task.

The use of interferometric measurement techniques, which
use the interference pattern generated by superimposed waves
to extract their relative phases, has been used to experimen-
tally reconstruct the electronic wavefunction of atoms and
molecules. For example, the interferometric nature of the pho-
toelectric effect, as well as its time-reversed analog photore-
combination, have been used to reconstructed the orbitals of
atoms [1, 2], aligned gas-phase molecules [3, 4], as well as
molecular adsorbates [5, 6]. Real-space excitonic wavefunc-
tion has also recently reconstruct using the Fourier transform
of the momentum-space photoemission intensity [7, 8], as-
suming a flat phase.

Knowledge about the electronic band structure, i.e. the
momentum-dependent energy eigenvalues, and the associated
Bloch wavefunction are essential to understand the transport,
optical and magnetic properties of crystalline solids. With
the discovery of topological materials [9], it became clear
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that accessing knowledge beyond band structure is of fun-
damental importance to understand the unique properties of
this novel class of quantum materials. The topologically non-
trivial nature of materials emerges from the winding of the
phase of their Bloch wavefunctions in momentum-space, as-
sociated with Berry curvature [10] and topological invariants,
e.g. Chern numbers. Reconstructing the band structure and
the associated amplitude and phase of the Bloch wavefunction
is thus of capital importance to fully characterized the elec-
tronic structure of (topological) materials.
While the electronic band structures of crystalline materi-

als can be mapped using angle-resolved photoemission spec-
troscopy (ARPES) [11], reconstructing the associated Bloch
wavefunction is still a great challenge. Whereas complex-
valued information about the Bloch wavefunction of elec-
trons inside solids is encoded in the photoionization transi-
tion dipole matrix element underlying the photoelectric ef-
fect, leading to subtle anisotropic modulation of the signal in
momentum-energy space, a general route to reconstruct the
Bloch wavefunction from photoemission data have not been
established yet.
Circular dichroism in the photoelectron angular distribution

(CDAD) is a powerful quantity that can be used to probe e.g.
electronic chirality in graphene [12], helical spin textures in
topological insulators [13], the orbital Rashba effect in met-
als [14] and the Berry curvature in TMDCs [15–18]. By con-
trast, linear dichroism in the photoelectron angular distribution
(LDAD) is typically assumed to encode the non-relativistic
symmetry of the wavefunction [19–22], but does not contain
enough information to access the phase of the Bloch wave-
function.
In this Article, we introduce a novel measurement scheme

in multidimensional photoemission spectroscopy allowing to
completely reconstruct the complex-valued Bloch wavefunc-
tion. Indeed, tracking the energy- and momentum-resolved
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FIG. 1. Experimental setup: (a) Experimental scheme of the polarization-modulated photoemission. A polarization-axis-tunable linearly
polarized femtosecond XUV pulse (21.7 eV) is focused onto a bulk 2H-WSe2 crystal at an angle of incidence of 65◦ with respect to the surfacenormal, ejecting photoelectrons which are detected by a time-of-flight momentummicroscope, allowing to measure the energy- andmomentum-
resolved photoemission intensity as a function of the polarization axis angle �. (b) Sketch of the first Brillouin zone. (c) Bloch wavefunction
of the top valence band of monolayer WSe2 (projected onto the W atom) at selected momentum points close to the K and K′ (corresponding to
the boxes in b) valley. The coordinate system indicates the spatial orientation in real space. Close to the K/K′ valley the Bloch wavefunction
is composed of |d±2⟩ and |dz2⟩ orbitals with corresponding coefficients. There is a one-to-one map of the complex wavefunction coefficients
C0,±2(k) to the orbital pseudospin �(k); the corresponding texture is represented by the vector field. The gray thick is a contour of maximum
photoemission intensity for a typical binding energy.

modulation of the photoemission intensity upon continuous
rotation of the ionizing radiation polarization axis, comple-
mented by minimal theory input enable us to fully reconstruct
the Bloch wavefunction underlying the electronic band struc-
ture of crystalline solids.

For the first demonstration of our novel approach, we choose
to study the layered transition metal dichalcogenide (TMDC)
2H-WSe2. Despite its inversion-symmetric crystal structure,
this material possesses locally broken inversion symmetry
within each layer and strong spin-orbit coupling, leading to
entangled layer, spin, orbital, and valley degrees of freedom
[23]. The topmost layer surface sensitivity of extreme ultravi-
olet (XUV)-ARPES allows to directly probe this intricate hid-
den spin [15, 24] and orbital [25] texture. This peculiar spin-
orbital-valley locking leads to optical selection rules allowing
for the generation of spin- and valley-polarized excited carri-
ers [26], to orbital Hall effect (OHE) [27], and the emergence
of orbital Hall insulating phases [28]. The valley-dependent
orbital pseudospin texture is also at the origin of the emergence
of local Berry curvature [10], associated with the winding of
the wavefunction phase in momentum-space. Such material is
thus well suited to test our novel polarization-resolved multi-
dimensional photoemission spectroscopy approach.

RESULTS

The momentum-dependence of photoemission spectra con-
tains rich information on the band structure, but, as only the
intensity is measured, the loss of phase information renders a
reconstruction of the Bloch wavefunction difficult. We rise to
such a challenge by increasing the dimensionality of the mea-
surement: photoemission intensity is recorded while contin-
uously varying the polarization axis direction of linearly po-
larized XUV ionizing radiation (characterized by the angle
�). By looking at the energy- and momentum-resolved mod-

ulation of the photoemission intensity upon polarization rota-
tion, we can access the orientation of hybridized orbitals in-
volved in the photoemission process, allowing us to retrieve
the orbitals’ relative phase information. To this end, we use
our multidimensional photoemission setup featuring a home-
built high-repetition-rate (500 kHz) femtosecond XUV source
(polarization-tunable) coupled to a time-of-flight momentum
microscope [29, 30] (see Fig. 1a and Methods). Measuring
the photoemission intensity resolved in energy (E) and both
parallel momenta (kx, ky) for each polarization axis direction
(�) yields four-dimensional data sets I(E, kx, ky, �). While the
multidimensional photoemission data for each polarization di-
rection naturally includes linear dichroism, the photoemission
intensitymodulation upon continuous rotation of �, gives qual-
itatively new information about the participating orbitals, as
detailed below.
The photoemission processes can be described by Fermi’s

golden rule,
I(E,k, �) ∝ |

|

⟨k, E|e(�) ⋅ r̂| k�⟩||
2 �("k� + ℏ! − E) , (1)

where | k�⟩ is the initial Bloch state with energy "k� , e(�) thepolarization vector of the photons (energy ℏ!), r̂ the dipole
operator, and |k, E⟩ the final states. At fixed in-plane mo-
mentum k = (kx, ky) and photoelectron energy E, the magni-
tude of the photoemission intensity is fully determined by the
dipole matrix element M(E,k, �) = ⟨k, E|e(�) ⋅ r̂| k�⟩ forthe band index �. Its value is determined by (i) the direction
of the photoelectron p = (kx, ky, k⟂), (ii) the light polariza-
tion e(�), and (iii) the orbital character and orientation of the
initial state. In particular, the relative orientation of e(�) and
p matters: I(E,k, �) is generally enhanced if their are paral-
lel, and reduced if e(�) and p are orthogonal. From geomet-
ric considerations (inserting the �-dependent polarization e(�)
into Eq. (1)) this intensity modulation upon varying � can be
summarized as I(E,k, �) = A + B sin2(� − �0), where the
emission angle and the plane of incidence are absorbed into
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FIG. 2. Valley-resolved polarization-modulated photoemission: (a)-(b) Constant energy contours (binding energy E − EVBM = −0.25 eV)for both crystals orientations (averaged over the polarization angle �). (c)-(d): Valley-resolved polarization-modulated photoemission. (e)-(f):
Calculated polarization-angle modulation of the intensity (analogous to (c)-(d)). (g)-(h): Analogous to (e)-(f), but excluding the dz2 orbitalcontribution. The direction of the light incidence is in the y-z plane.

the coefficients A,B. This modulation is generic; however,
the position of the maximum – determined by the phase �0 –is extraordinarily sensitive to the initial Bloch state.
The quantum nature of the top valence band of monolayer

WSe2 (or the topmost layer of its 2H-bulk counterpart) can
be understood in terms of a few-orbital model comprising the
W dz2 , dx2−y2 and dxy orbitals. We employ the TB model
from ref. [31] for all calculations below. Near the valence
band maximum (VBM) the Bloch state can be described as
| K,K

′

k ⟩ ≈ [C±(k)|d±2⟩+C0(k)|dz2⟩]⊗| ↑, ↓⟩, where |d±2⟩ =
[|dx2−y2⟩±i|dxy⟩]∕

√

2 are magnetic orbitals. Even though the
out-of-plane |dz2⟩ orbital contribution vanishes at exactly k =K, K′, the k-dependent interference between these orbitals has
profound impact when moving slightly away from k = K, K′.
This orbital texture in momentum-space is captured by the or-
bital pseudospin �K,K′� (k) = ⟨ K,K

′

k |�̂�| 
K,K′
k ⟩ (�̂� denote thePauli matrices). The orbital pseudospin relates to the Berry

curvature and topological properties of materials. It manifests
itself in the characteristic momentum dependence of the pho-
toemission signal around the high symmetry points [25].

Fig. 1c shows the orbital pseudospin and the associated
Bloch wavefunction of WSe2 localized at the W atom in the
vicinity of the K and K′ valley. The mixing of the |d+2⟩ and
|dz2⟩ orbitals leads to a strong k-dependence of the hybridizedorbital orientation of the initial state. Experimentally, the pho-
toemission intensity modulation while scanning over all XUV
polarization angles � - I(E,k, �) - serves as a powerful fin-
gerprint of the hybridized orbital orientation, which depends
on the relative phase between participating orbitals, and which
is reflected in the phase �0 of the periodic modulation of the
photoemission signal with respect to �.
The experimentallymeasured photoemission intensitymod-

ulation upon varying � is very pronounced (Fig. 2a–d). The

valley-integrated intensity Iint(E, �) shows an intrinsic phase
shift between K and K′. To confirm that this phase shift is an
intrinsic property of the crystals and does not originate from
experimental geometry effects, we rotated the crystal by 60◦,
acting as an effective in-plane time-reversal transformation,
i. e. K ↔ K′ [32]. Upon effective time-reversal transfor-
mation (swapping the valley indexes), the relative phase shift
changes sign, indicating that the polarization-modulated pho-
toemission is sensitive to intrinsic valley-resolved properties
of the crystal. Apart from the absolute scale, the angular de-
pendence of the photoemission intensity and the phase shifts
are well reproduced by our theoretical calculations (Fig. 2e–f).
Excluding the dz2 orbitals strongly diminish the intrinsic phase
shift between K and K′ valleys (Fig. 2g–h), thus underlining
the interplay of dz2 and d±2 orbitals in the emergence of the ex-
perimentally observed polarization-modulated photoemission
signal.
To obtain deeper insights, we have performed a fully

energy- and momentum-resolved Fourier transform analysis
along the XUV polarization axis in order to extract oscil-
lation amplitude and phase of the signal in specific energy-
momentum region of the electronic structure. The Fourier-
transformed signal

Im(E, kx, ky) = ∫

2�

0

d�
2�
eim�I(E, kx, ky, �) (2)

is only nonzero for m = 0,±2. While m = 0 corre-
sponds to the �-averaged intensity, I2(E, kx, ky) is a complex
quantity encoding information about the amplitude/real and
phase/imaginary information of the photoemission modula-
tion upon rotating the polarization axis of the XUV. For the
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FIG. 3. Momentum-resolved Fourier analysis of the polarization-
modulated ARPES signals: a-b Fourier amplitude (black andwhite,
right sub-panel, respectively) and phase (red and blue, left sub-panel)
of the photoemission modulation, for E − EVBM = -0.25 eV. c Aver-
aged phase (along a vertical cut and integrated over kx as indicatedby the dashed box in a,b), extracted from both the experimental data
in a-b and the theory. d Valley-integrated imaginary part Im[I2(E)]of the Fourier amplitude (2), comparing experiment and theory at K
(red) and K′ (blue), respectively. The dashed lines represent the cor-
responding interference contribution Im[I int2 (E)].

experimental geometry (Fig. 1a), direct evaluation yields

Re[I2(E,k)] =
1
4
[

|Ms(E,k)|2 − |Mp(E,k)|2
]

g(E,k) (3)
= 1
4
ILDAD(E,k) ,

Im[I2(E,k)] = −
1
2
Re

[

(Ms(E,k))∗Mp(E,k)
]

g(E,k) , (4)

where Ms(E,k) and Mp(E,k) denote the matrix elements
with respect to s- or p- polarized light and where g(E,k) =
�("k� + ℏ!−E). While the real part (3) contains information
on the linear dichroism of the photoemission intensity with re-
spect to s- or p- polarized light (equivalent to the LDAD), the
imaginary part (4) captures interference between these chan-
nels. We stress that the latter is a new quantity that cannot be
obtained by solely measuring the photoemission intensity in
s- or p- direction. This interferometric quantity, revealing the
relative phase betweenMs(E,k) andMp(E,k), is only avail-
able within the context of our novel polarization-modulated
ARPES approach.

The energy- and momentum-resolved phase Φ(E,k) =
arg[I2(E,k)] is presented in Fig. 3a–b, for a binding energy
of ∼ 0.25 eV. Strikingly, we can observe a phase sign-flip for

adjacent valleys, as well as a phase sign-flip upon effective
time-reversal operation (60◦ crystal rotation). This is a clear
indication that the hybridized orbital orientation (related to or-
bital pseudospin) – which exhibits a distinct texture at K or
K′, respectively – is responsible for the observed sign change.
Fig. 3c shows the phase integrated along kx (going from K to
K′, and vice-versa), which is well captured by our TB model
calculations.

Inspecting the real (3) and imaginary part (4) of the
Fourier signal, we notice that the sign of the phase Φ(E,k)
and Im[I2(E,k)] are qualitatively identical. Comparing the
imaginary part to the theoretical results is straightforward
(Fig. 3d). The theory allows for decomposing the valley-
integrated signal (around the K / K′ valleys in Fig. 3a)
into Im[I2(E)] = Im[I inc2 (E)] + Im[I int2 (E)], where the
Im[I inc2 (E)] = Im[Iz22 (E)] + Im[I±22 (E)] by incoherently
adding signal originating from only the dz2 or d±2 orbital,
while Im[I int2 (E)] denotes the interference contribution. Thisanalysis underpins that the interference of the dz2 and d±2 or-bitals – which relates to the in-plane pseudospin – is the pre-
dominant contribution close to the VBM.

On a more fundamental level, the imaginary part (4) of the
polarization-modulated photoemission is the missing piece to
measuring the phase of the complex dipole matrix elements di-
rectly, if circular dichroism is additionally available. Indeed,
let us consider the experimental scheme as in Fig. 1a, but us-
ing left-hand circularly polarized (LCP) or right-hand circu-
larly polarized (RCP) light (with respect to the same propaga-
tion direction). The circular dichroism in the angular distri-
bution (CDAD) is then defined by ICD(E,k) = ILCP(E,k) −
IRCP(E,k). Substituting the corresponding polarization vec-
tor eRCP∕LCP into Eq. (1), one obtains
ICD(E,k) = −2Im

[

(Ms(E,k))∗Mp(E,k)
]

g(E,k) . (5)
Comparing Eq. (B2) to Eq. (4) we notice a striking similar-
ity: instead of the imaginary part of the complex quantity
Z(E,k) = (Ms(E,k))∗Mp(E,k) = |Z(E,k)|ei(E,k), the
imaginary part of the Fourier signal (4) provides access to the
real part of Z(E,k). While |Z(E,k)| can be extracted by
measuring the photoemission intensity for s− and p− polar-
ized light separately, the relative phase (E,k) is available by
combining the measurent of both the �-modulation (as in the
present experiment) and the CDAD. Since the global phase of
Ms(E,k) orMp(E,k) is not relevant (it does not manifest in
any observable), obtaining (E,k) allows extracting complete
information on the complex matrix elementsMs∕p(E,k).Because the CDAD and the Fourier signal are complemen-
tary parts of the same complex quantity, they are fundamen-
tally linked. This intricate relationship can be exploited to the
obtain insights into the CDAD without using circularly polar-
ized XUV light. Using Eq. (4), this link can be expressed as

ĨCD(E,k) =
√

Is(E,k)Ip(E,k) − 4Im[I2(E,k)] . (6)
Note that only the absolute value of the CDAD can be ex-
tracted due to a missing absolute phase information to directly
link a continuous scan of the linear XUV polarization axis
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FIG. 4. Circular dichroism from Fourier signal: a-b Absolute value of the CDAD extracted from the experimental data and theory via
Eq. (6) at fixed binding energy E − EVBM = −0.18 eV (a) and E − EVBM = −0.25 eV (b), as function the angle �k tracing the intensity.
The inset illustrates how the angle �k is measured along the contour of maximum intensity. c-d Theoretical reconstructed (ĨCD(E,k)) andcalculated CDAD (ICD(E,k)) as in a-b. The arrows indicate the kink positions that can be used to determine sign changes (indicated by shaded
background).

to circularly polarized light (indicated by the tilde in Eq. (6),
|ICD(E,k)| = ĨCD(E,k)). Nevertheless, fine details on the
momentum dependence of the circular dichroism can still be
extracted as demonstrated in Fig. 4a–b.

To this end we substituted the imaginary part Im[I2(E,k)](obtained by Fourier transforming the experimental data via
Eq. (2)) into Eq. (6). Note that the valley-averaged CDAD pro-
vides a direct map of the Berry curvature of WSe2, as demon-
strated by previous experiments [16, 17] and theory [18].
However, the CDAD exhibits a fine structure even within a
single valley (which depends on the experimental geometry).
Thus, for a given binding energy, we show the extracted CDAD
as a function of the azimuthal angle �k, which traces the con-stant energy contour (see inset in Fig. 4a). By broadening the
momentum distribution of the theoretical data to mimic the
experimental momentum resolution, we find a striking agree-
ment between experiment and theory for both valleys (Fig. 4a–
b). This agreement implies that our novel measurement pro-
cedures allow getting information about CDAD, without using
circularly polarized pulses.

While the sign of the reconstructed CDAD is, in princi-
ple, not available, sharp kinks near zero would indicate a sign
change. The momentum resolution of the experiment is not
sufficient to identify such sharp features; however, the excel-
lent qualitative agreement between theory and experiment for
all considered quantities described above, allows us to ex-
trapolate to a better resolution. This scenario is explored in
Fig. 4c–d, where we compare the calculated CDAD to the re-
constructed signal (via Eq. (6)). Due to taking the absolute
value, kinks (indicated by black arrows) appear in the recon-
structed CDAD,which allow pinpointing sign changes. There-
fore, up to an absolute sign ambiguity for each valley, the full
CDAD can be extracted from our experimental data, where no
circularly polarized photons were used.

The complementary information encoded in the imaginary

part (4) and the circular dichroism can be exploited even fur-
ther if the CDAD is measured in the same geometry. The cur-
rent limitations of our setup do not allow for creating circu-
larly polarized XUV photons. However, complementing the
experimental data with the CDAD calculated from our theo-
retical model – which emulates experimental data – allows us
to showcase which new information can be extracted. To this
end, we have calculated

IemulCD (E,k) =
ITBCD(E,k)
ITBav (E,k)

Iexpav (E,k) , (7)

where Iav(E,k) = (Is(E,k) + Ip(E,k))∕2 is the unpolar-
ized intensity. The superscript TB (exp) stands for theoreti-
cal (experimental) spectra. The TB model includes two or-
bitals only (dz2 and d±2), such that the Bloch state | K,K

′

k� ⟩

is fully characterized by the three components of pseudospin
�K,K

′
� (k) (� = 1, 2, 3). It is convenient to express the pho-

toemission intensity (1) in terms of �K,K′� (k) and the atomic
dipole matrix elements Mz2,±2(E,k) = ⟨k, E|e ⋅ r̂|dz2,±2⟩.Approximating the orbitals as product of a radial wavefunc-
tion and a spherical harmonic Y 20,±2 allows to characterize
Mz2,±2(E,k) by a few parameters, which can be fixed by com-
paring to experimental spectra with s− and p− polarized light,
respectively. Since we also have three independent quantities
X(E,k) = (ICD(E,k),Re[I2(E,k)], Im[I2(E,k)]) at our dis-posal, can we use this information to reconstruct the three-
dimensional orbital pseudospin? The answer is affirmative, as
demonstrated in Fig. 5.
Based on the atomic matrix elementsMz2,±2(E,k), we canexpress the CDAD and the Fourier signal as linear functions of

�K,K
′

� (k), which yields a 3×3 system of equations of the form
X(E,k) = A(E,k)�K,K′ (k) + B(E,k), as detailed in the SM.
We have solved these equations – using the calculated matrix
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elements, the experimental Fourier signal and the emulated
CDAD – by a least-square minimization while constraining
the pseudospin to ∑�(�

K,K′
� (k))2 = 1. This is possible for all

momenta k where the signal at fixed binding energy is large
enough (we chose a threshold of 0.1 of the maximum value).
The reconstructed pseudospin for the E − EVBM = −0.25 eV
is presented in Fig. 5a-b for K and K′, respectively. Scanning
through the binding energies allows, in principle, to systemat-
ically reconstruct the pseudospin texture in the relevant region
in momentum space, albeit the pseudospin picture (i. e. where
only two orbitals are relevant) breaks down further away from
K/K′. Comparing the reconstructed texture of �K,K′� (k) to the
calculated one (Fig. 5c–d), good qualitative agreement is ob-
served. For �K′� (k) the vortex structure of the pseudospin pat-tern (Fig. 5c) is retained, while the in-plane circular winding at
K is obtained (comparing Fig. 5b to d). Also, the z-component
(which captures that relative weight of the dz2 orbital) is in
good qualitative agreement with the theory, including the de-
creasing value further away from the VBM. Deviations are
mostly attributed to two factors: (i) the momentum and en-
ergy resolution, and (ii) limited predictive power of the pho-
toemission model. Systematic improvements of photoemis-
sion dipole matrix elements – and thus the retrieval of �K,K′� (k)
– beyond the presented model can be achieved by more accu-
rate calculation of the final states and by taking into account

non-spherical deformations of the Wannier orbitals.
We stress that in principle, besides the atomic matrix ele-

ments, no further input from theory is required. In particu-
lar, the band structure does not enter the reconstruction pro-
cedure. Hence, a practical route for applying the procedure to
other systems is to fit the atomic matrix elements to specific
features in equilibrium (for instance, our atomistic model for
WSe2 reproduces the dark corridor). The thus obtained ma-
trix elements are the only required theoretical input for trac-
ing the impact of light-dressing, coherent excitation, or strain
onto the pseudospin texture. Since the modeling of the atomic
matrix elements is generic, the presented reconstruction pro-
cedure can be applied to many systems where a few relevant
orbitals are involved.

DISCUSSION/CONCLUSION

Our novel measurement methodology in photoemission
spectroscopy allows the reconstruction of the orbital pseu-
dospin and thus – exploiting the one-to-one correspondence
– of the complex-valued Bloch wavefunction in solids. Our
scheme also allows extracting the absolute value of XUV-
CDAD without using circularly polarized XUV pulses. This
is a major advance since the table-top generation of circu-
larly polarized XUV is challenging and its combination with
ARPES endstation has not been reported yet. The extension
of our approach to time-resolved CDAD experiments with-
out the need of circular XUV photons, and time-resolved
Bloch wavefunction reconstruction is conceptually straightfor-
ward, which will allow tracking ultrafast light-induced topo-
logical phase transition characterized by creation or annihi-
lation of local Berry curvature [33–37]. Moreover, because
of the simplicity of the theoretical model, the joint experi-
mental and theoretical machinery that we introduced can be
applied to solve open questions about the detailed (topologi-
cal) nature of electronic structures of some solids, which are
still under debate, e.g. 1T’-WTe2 [38], nonsymmorphic crys-
tals without gaps [39] or light-induced topological states in
graphene and Weyl semimetal [34]. Our work can be seen
as the first condensed matter “complete” photoionization ex-
periments, in which one obtains the full complex photoemis-
sion dipole matrix element, which is already established as the
grail of a photoionization experiment in atomic and molecular
physics [2, 40, 41].

METHODS

A. Multidimensional photoemission spectroscopy

The multidimensional photoemission spectroscopy experi-
ments were performed at the Fritz Haber Institute of the Max
Planck Society. We used a home-built optical parametric
chirped-pulse amplifier (OPCPA) delivering 30 �J/pulses (800
nm, 30 fs) at 500 kHz repetition rate [42]. The second har-
monic of the OPCPA output (400 nm) is used to drive high-
order harmonic generation (HHG) by tightly focusing (15 �m
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FWHM) laser pulses onto a thin and dense Argon gas jet, us-
ing a perforated focusing mirror (f=100 mm) with a 1.5 mm
hole diameter. The extremely nonlinear interaction between
the laser pulses and the Argon atoms leads to the generation
of a comb of odd harmonics of the driving laser, extending up
to the 11th order. Because the XUV harmonics are generated
using an annular driving beam, the copropagating fundamen-
tal (400 nm) can be separated from the XUV harmonic beam
using a spatial filter (iris) in the far-field. Using this geometry,
one can avoid the typically used reflection onto a silicon wafer
at Brewster’s angle to filter out the energy of the fundamental
driving laser, which only works for p-polarized light. Thus,
the annular beam HHG scheme allows us to continuously ro-
tate the polarization of the XUV, by simply rotating the polar-
ization of the 400 nm in front of the HHG chamber using a
�∕2-waveplate. Next, a single harmonic (7th order, 21.7 eV)
is isolated by reflection off a focusing multilayer XUV mirror
and transmission through a 400 nm thick Sn metallic filter. A
photon flux of up to 2x1011 photons/s at the sample position is
obtained (110 meV FWHM)[29]. The bulkWSe2 samples are
handled by a 6-axis manipulator (SPECS GmbH) and cleaved
at a base pressure of 5x10−11 mbar. The data are acquired
using a time-of-flight momentum microscope (METIS1000,
SPECSGmbH), allowing to detect each photoelectron as a sin-
gle event and as a function of XUV linear polarization angle
(�) [30, 43].

B. Tight-binding calculations of photoemission

All theoretical results were obtained from the tight-binding
(TB) model from ref. [31], which reproduces the band struc-

ture and orbital character in the vicinity of the valleys very
well. We included the dz2 , dxy and dx2−y2 orbitals at the W
sites. For convenience we transformed to the magnetic basis
d±2 ≡ (dx2−y2 ± idxy)∕

√

2. The atomic photoemission matrix
elements are obtained within the plane-wave (PW) approxima-
tion to the final states while representing the dipole operator by
the position operator r with respect to the W sites. This dipole
gauge has been shown to be qualitatively accurate for various
systems [18, 44]. Within this approximation, the matrix ele-
ments are obtained from

Mm(E,k) = ∫ dr e−ik⋅re−ik⟂ze ⋅ rwm(r) , (8)

wherem = z2,±2 andwherewm(r) denotes the correspondingatomic orbital. The out-of-plane momentum k⟂ is determined
by energy conservation. The atomic orbitals are approximated
by wm(r) ≈ f (r)Yl=2,m(r̂). The radial dependence is esti-
mated by comparing to density-functional theory calculations
(as in ref. [25]). The matrix elements with respect to the Bloch
states | k�⟩ (which enter the Fermi Golden rule (1)) are then
calculated byM(E,k) =

∑

m Cm(k)Mm(E,k), where the co-efficients Cm(k) are obtained from the TB Hamiltonian.
This TB+PW model has been benchmarked for this sys-

tem in ref. [25] against experimental results and first-principle
calculations, which corroborated its predictive power. Fur-
thermore, we showed that considering a monolayer WSe2 andomitting spin-orbit coupling is sufficient to reproduce the pho-
toemission signal of the top valence band.
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SUPPLEMENTARY INFORMATION

Appendix A: Details on the theoretical modeling

The electronic structure is described by the three-band tight-
binding (TB) model from ref. [31] comprising the dz2 , dx2−y2and the dxy orbitals at the tungsten sites. For convenience we
perform the rotation to the magnetic basis, using the dz2 (mag-
netic quantum number m = 0) and the d±2 (magnetic quantum
number m = ±2) as basis functions. The Bloch wavefunction
of the top valence band � = v (omitting the spin state) is then
approximated as

 k�(r) =
1

√

N

∑

m=0,±2
Cm(k)

∑

R
eik⋅Rwm(r − R) (A1)

≡
∑

m=0,±2
Cm(k)�km(r) ,

where the coefficients Cm(k) are obtained from the corre-
sponding eigenvector of the TB HamiltonianH(k). The Wan-
nier functions wm(r) are approximated by the simple atomic
orbitals wm(r) = Rm(r)Y2,m(r̂) (Yl,m(r̂) denotes the sphericalharmonics). We use the same radial dependence as in ref. [25],
where the TB model and parameterization of the orbitals has
been benchmarked against first-principle calculations. To ex-
press photoemission matrix elements with respect to the Bloch
state (A1) it is convenient to introduce the atomic matrix ele-
ments

Ms,p
m (E,k) = ∫ dr e−ik⋅re−ip⟂zes,p ⋅ rwm(r) , (A2)

which we evaluate by expanding the plane-wave final state in
terms of spherical harmonics. The out-of-plane momentum
p⟂ is determined by the kinetic energy of the final state E =
k2∕2 + p2⟂∕2. The matrix elements (A2) are defined for s (p)
polarized light, parameterized by the unit vector es (ep). Forthe experimental geometry (see. Fig. 1a in the main text),
these vectors are defined by es = ex and ep = −cos �ey +
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sin �ez, where er (r = x, y, z) stands for the corresponding
unit vector, and where � = 65◦ is the angle of incidence.

From the atomic matrix elements (A2) we can calculate the
matrix elements with respect to the initial Bloch state by

Ms,p(E,k) =
∑

m=0,±2
Cm(k)Ms,p

m (E,k) . (A3)

All quantities discussed in the main text – circular dichroism
and the Fourier signal – can be expressed in terms of thematrix
elements (A3).

Appendix B: Reconstruction of the orbital pseudospin

The orbital pseudospin completely determines the photoe-
mission signal, including the circular dichorism, the linear
dichroism, and the Fourier signal. Close to the valence band
maximum (k ≈ K or k ≈ K′) the Bloch state (A1) is well ap-
proximated by. | K,K′k� ⟩ = C0(k)|�k0⟩ + C±2(k)|�k±2⟩. The
corresponding orbital pseudospin is defined by �K,K′� (k) =
⟨ K,K

′

k� |�̂�| 
K,K′
k� ⟩. The one-to-one correspondence of the

complex coefficientsCm(k) and the orbital pseudospin is givenby
�K,K

′

x (k) = 2Re[C∗±2(k)C0(k)] , (B1a)

�K,K
′

y (k) = 2Im[C∗±2(k)C0(k)] , (B1b)

�K,K
′

z (k) = |C±2(k)|2 − |C0(k)|2 . (B1c)

Now we relate the photoemission signal to the pseudospin via
Eq. (B1). We start from the circular dichroism, which is given
by (cf. Eq. (5) in the main text) as

ICD(E,k) = −2Im[(Ms(E,k))∗Mp(E,k)]g(E,k) . (B2)

Here g(E,k) contains the energy conservation. In theory, this
factor reduces to a Dirac delta function, but for practical calcu-
lations we replace it by a Gaussian function when calculating
the CDAD (B2) (or any other intensity).
Inserting Eq. (A3) and expressing the complex products of

the coefficients in terms of the pseudospin via Eqs. (B1), one
obtains the linear expression

ICD(E,k) =
(

∑

�=1,2,3
AK,K

′

CD,�(E,k)�
K,K′
� (k) + BK,K

′

CD (E,k)
)

× g(E,k) . (B3)

The coefficients in front of the pseudospin are given by

AK,K
′

CD,x(E,k) = −
(

Im[(Ms
0(E,k))

∗Mp
±2(E,k)] + Im[(M

s
±2(E,k))

∗Mp
0 (E,k)]

)

, (B4a)

AK,K
′

CD,y(E,k) = Re[(M
s
0(E,k))

∗Mp
±2(E,k)] − Re[(M

s
±2(E,k))

∗Mp
0 (E,k)] , (B4b)

AK,K
′

CD,z(E,k) = Im[(M
s
0(E,k))

∗Mp
±2(E,k)] − Im[(M

s
±2(E,k))

∗Mp
0 (E,k)] , (B4c)

while
BK,K

′

CD (E,k) = −
(

Im[(Ms
0(E,k))

∗Mp
0 (E,k)] + Im[(M

s
±2(E,k))

∗Mp
±2(E,k)]

)

. (B5)
The expression (B3) is generic – any intensity can be expressed in a similar linear form with respect to the pseudospin. Fol-

lowing the analogous route for the real part of the Fourier signal, we find

Re[I2(E,k)] =
(

∑

�=1,2,3
AK,K

′

R,� (E,k)�
K,K′
� (k) + BK,K

′

R (E,k)
)

g(E,k) . (B6)

The coefficients in the linear expression (B6) are defined by

AK,K
′

R,x (E,k) =
1
4

(

Re[(Ms
0(E,k))

∗Ms
±2(E,k)] − Re[(M

p
0 (E,k))

∗Mp
±2(E,k)]

)

, (B7a)

AK,K
′

R,y (E,k) =
1
4

(

Im[(Ms
0(E,k))

∗Ms
±2(E,k)] − Re[(M

p
0 (E,k))

∗Mp
±2(E,k)]

)

, (B7b)

AK,K
′

R,z (E,k) =
1
8

(

|Ms
±2(E,k))|

2 + |Mp
0 (E,k))|

2 − |Ms
0(E,k))|

2 − |Mp
±2(E,k))|

2
)

, (B7c)
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and
BK,K

′

R (E,k) = 1
8

(

|Ms
0(E,k))|

2 + |Ms
±2(E,k))|

2 − |Mp
0 (E,k))|

2 − |Mp
±2(E,k))|

2
)

. (B8)

Finally, we express the imaginary part of the Fourier signal as

Im[I2(E,k)] =
(

∑

�=1,2,3
AK,K

′

I,� (E,k)�K,K′� (k) + BK,K
′

I (E,k)
)

g(E,k) . (B9)

The terms in Eq. (B9) are defined by

AK,K
′

I,x (E,k) = −1
4

(

Re[(Ms
0(E,k))

∗Mp
±2(E,k)] + Re[(M

s
±2(E,k))

∗Mp
0 (E,k)]

)

, (B10a)

AK,K
′

I,y (E,k) = −1
4

(

Im[(Ms
0(E,k))

∗Mp
±2(E,k)] − Im[(M

s
±2(E,k))

∗Mp
0 (E,k)]

)

, (B10b)

AK,K
′

I,z (E,k) = −1
4

(

Re[(Ms
±2(E,k))

∗Mp
±2(E,k)] − Re[(M

s
0(E,k))

∗Mp
0 (E,k)]

)

, (B10c)

and
BK,K

′

I (E,k) = −1
4

(

Re[(Ms
0(E,k))

∗Mp
0 (E,k)] + Re[(M

s
±2(E,k))

∗Mp
±2(E,k)]

)

. (B11)

Summarizing Eqs. (B3)–(B11), we can express the three quantities ICD(E,k),Re[I2(E,k)], and Im[I2(E,k)] as linear functionof the pseudospin, which can conveniently be cast into the system of equations

⎡

⎢

⎢

⎣

ICD(E,k)
Re[I2(E,k)]
Im[I2(E,k)]

⎤

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎣

K,K′
CD,x(E,k) K,K′

CD,y(E,k) K,K′
CD,z(E,k)

K,K′
R,x (E,k) K,K′

R,y (E,k) K,K′
R,z (E,k)

K,K′
I,x (E,k) K,K′

I,y (E,k) K,K′
I,z (E,k)

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

�K,K
′

x (k)
�K,K

′
y (k)
�K,K

′
z (k)

⎤

⎥

⎥

⎥

⎦

+

⎡

⎢

⎢

⎢

⎣

K,K
′

CD (E,k)
K,K

′

R (E,k)
K,K

′

I (E,k)

⎤

⎥

⎥

⎥

⎦

, (B12)

where we have abbreviated K,K′
r,� (E,k) = g(E,k)AK,K

′
r,� (E,k) and K,K

′
r (E,k) = g(E,k)BK,K

′
r (E,k) (r = CD,R, I).

To construct the coefficient matrix K,K′
r,� (E,k) and the

source term K,K
′

r (E,k) only two ingredients are required: (i)
the atomic matrix elements (A2), and (ii) the energy conser-
vation g(E,k). The atomic matrix elements are mostly deter-
mined by the orbital symmetry (angular momentum), which
can be guessed from the crystal structure or obtained from
first principles. The energy conservation factor g(E,k) can
be extracted from experimental spectra by fitting a Gaussian
function as function of E at every momentum point k.
With all terms (except of the pseudospin vector) on the

right-hand side of Eq. (B12) determined, Eq. (B12) can be
solved for �K,K′� (k). For a fixed energy E this is possible for
all k with sufficient signal. The determinant of the coefficient
matrix K,K′

r,� (E,k) is proportional to g(E,k); thus we solve
Eq. (B12) only momenta obeying g(E,k) > �. Normalizing
g(E,k) to one, we fix � = 10−1.
We have tested the self-consistency within the theory by

calculating the left-hand side of Eq. (B12) and solving for

the pseudospin. Comparing the thus obtained solution to the
directly calculated pseudospin (via Eq. (B1)) yields perfect
agreement. We repeated the procedure adding small random
noise to input signal; the reconstructed pseudospin is still in
excellent agreement with the calculated texture.
For reconstructing the pseudospin from experimental data –

as presented in the main text – a direct solution of Eq. (B12) in
terms of matrix inversion gives rise to artifacts; most impor-
tantly, the normalization of the pseudospin

�K,K
′

x (k)2 + �K,K′y (k)2 + �K,K′z (k)2 = 1 (B13)

is violated. Therefore, we switch to the more least-square
fitting algorithm. Furthermore, we constrain the solution by
the normalization condition (B13) by adding a penalty term,
which is chosen to ensure Eq. (B13) is obeyed up to 10−3. Fol-
lowing this procedure yields the pseudospin textures presented
in the main text.
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