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Experimental measurement of the intrinsic excitonic

wave function
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An exciton, a two-body composite quasiparticle formed of an electron and hole, is a fundamental optical exci-
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tation in condensed matter systems. Since its discovery nearly a century ago, a measurement of the excitonic
wave function has remained beyond experimental reach. Here, we directly image the excitonic wave function in
reciprocal space by measuring the momentum distribution of electrons photoemitted from excitons in mono-
layer tungsten diselenide. By transforming to real space, we obtain a visual of the distribution of the electron around
the hole in an exciton. Further, by also resolving the energy coordinate, we confirm the elusive theoretical predic-
tion that the photoemitted electron exhibits an inverted energy-momentum dispersion relationship reflecting
the valence band where the partner hole remains, rather than that of conduction band states of the electron.

INTRODUCTION

In the 1930s, pioneering work by Frenkel (1), Wannier (2), and
others (3, 4) elucidated the presence of optically excited states
at energies lying in the forbidden bandgap region of insulators
and semiconductors. These states, called excitons, could not be
described within a single-particle picture but arose as correlated
bound states between a photoexcited electron in the conduction
band and the hole left behind in the valence band (VB). As neutral
composite quasiparticles of oppositely charged fermions, excitons
exhibit different quantum statistics and respond differently to ex-
ternal fields compared to their constituent free carriers. Over the
ensuing century, these differences have had inevitable consequenc-
es for various condensed matter systems, giving rise to phenomena
such as Bose-Einstein condensation (5-7) and excitonic insulators
(8) and affecting the performance of photovoltaics (9, 10), light-
emitted diodes (11, 12), and other optoelectronic devices (13).

As in the case of other two-body systems, the fundamental theo-
retical description of excitons is naturally formulated in terms of the
relative electron-hole coordinates, particularly for the Wannier-type
excitons, where electron-hole separation extends over many lattice
sites (14, 15). These descriptions, constituting the excitonic wave
function in real space, analogous to the well-known wave functions
describing the hydrogen atom, directly define the exciton’s size and
shape. The excitonic wave function can also be described in mo-
mentum space, which dictates its ability to interact with light,
phonons, plasmons, and other quasiparticles through momentum
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conservation (16). However, since their discovery nearly a century
ago, measuring the excitonic wave function, whether in real or re-
ciprocal space, has not been possible (17). This is, in part, not only
due to the small binding energy and finite lifetimes of excitons in
most semiconductor systems but also due to limitations in available
experimental techniques. Optical techniques provide precise spec-
troscopic information about the exciton but do not access the mo-
mentum coordinates of the constituent electrons and holes, while
techniques such as scanning tunneling microscopy and transmis-
sion electron microscopy with very high spatial resolution cannot
measure the relative distance between the delocalized electrons and
holes in extended systems.

Over the past decade, the discovery of robust excitons in two-
dimensional (2D) systems (18-20) and advances in space-, time-,
and angle-resolved photoemission spectroscopy (ARPES) techniques
(21-24) have created unprecedented opportunities in this regard.
Analogous to collider experiments of high-energy physics, theoretical
studies from the past few years have proposed using a time-resolved
(TR)-ARPES framework to dissociate the exciton with a high-energy
extreme ultraviolet (XUV) photon and photoemit its constituent
electron (17, 25, 26). Under the right conditions, the momentum of
the photoemitted electron corresponds to the relative electron-hole
momentum in the exciton and its measured distribution directly
reflects the excitonic wave function in reciprocal space (25, 27, 28).
Very recently, a time-resolved ARPES experiment on monolayer
(ML) WSe,, a prototypical 2D semiconductor, validated this ap-
proach by resolving excitons with different relative electron-hole
momenta, namely, bright and momentum dark excitons (29). This
successful demonstration immediately raises the tantalizing possi-
bility of imaging the excitonic wave function.

Here, we directly image the exciton wave function in momen-
tum space for the K-valley exciton in ML WSe,, more precisely, the
modulus squared of the excitonic envelope function in reciprocal
space. The corresponding real-space wave function, obtained by
Fourier transformation, describes the distribution of the electron
relative to the hole in the exciton, revealing a radius of 1.4 nm that
extends over many lattice sites. By energy resolving the momentum
distribution, we also observe the decades old prediction (23, 28, 30)

10f6


mailto:kmdani@oist.jp
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

of the anomalous dispersion effect that has been experimentally elu-
sive under different measurement conditions (30, 31): The photo-
emitted electron mimics the negative energy-momentum dispersion
of the VB of the hole, to which it was previously bound in the exci-
ton, rather than the positive dispersion of its own conduction band.

RESULTS

In our study, we examined an exfoliated ML of WSe, transferred
onto a thin hexagonal boron nitride (hBN) buffer layer supported
by a Si substrate (Fig. 1A). The insulating hBN layer provides a
clean, flat substrate while also preventing the quenching of the
exciton (fig. S1) (32). The VB structure of our sample before photo-
excitation was measured using an ultrashort (160 fs) probe pulses
at a photon energy of 21.7 eV in XUV to photoemit electrons from
the sample. All measurements are performed at a sample tempera-
ture of 90 K. Figure S2 confirms key features of the band structure
of ML WSe; before photoexcitation—the VB maximum (VBM)
at the K-valley, a splitting of the VB at the K-valley of 0.47 eV
due to spin orbit coupling, and the VBM at the I"-valley situated
0.57 eV lower in energy than the K-valley. A comparison to a
theoretical, first-principles GW calculation of the VB shows very
good agreement.
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Fig. 1. TR-u-ARPES experimental scheme and the anomalous dispersion of the
photoemitted electron. (A) Optical image of the WSe,/hBN/Si heterostructure,
with inset showing photoluminescence spectrum of the ML taken at 90K. a.u., ar-
bitrary units. (B) In our TR-u-ARPES setup, we resonantly create excitons in the ML
WSe; using a low-intensity ultrafast pump pulse and photoemit electrons from the
excitons using a time-delayed XUV probe pulse. (C) As a result of the photoemis-
sion process, due to energy and momentum conservation, the energy-momentum
dispersion relationship of the photoemitted electron resembles its partner-hole’s
VB. (see Supplementary Text)
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To measure the excitonic states, we resonantly photoexcited the
A-exciton transition of the ML WSe; at a photon energy of 1.72 eV
with a 175-fs linearly polarized pump pulse (Fig. 1B and fig. S1).
This created direct excitons with holes and electrons in the K-valley.
Subsequently, these excitons scattered into other excitonic states
including spin-dark K-K excitons, indirect-bandgap K-K’ excitons
and Q-K excitons (29), where the two letters denote the valleys of
the electron and hole, respectively. To dissociate the excitons and
photoemit the constituent electrons, we used a time-delayed XUV
probe pulse as above. As expected (25-29), we observed the below
bandgap signal corresponding to electrons photoemitted from the
K-valley excitonic states (fig. S2). Further information about the ex-
perimental setup for probing the ML WSe, band structure before
and after photoexcitation, the ensuing exciton dynamics, and the
attribution of the signal to the K-valley excitons have been previ-
ously reported (29).

We now turn our attention to understanding the conditions un-
der which the above measurement provides access to the excitonic
wave function. For this, let us consider an exciton in the low-density
limit at zero temperature. For such an exciton X, the wave func-
tion |dx)= D vk Affck cik Ck | 0> describes the electron-hole bound
state, where | 0) is the system ground state and cy destroys an elec-
tron with band index i and wave vector k. The factors A, are then
expansion coefficients of the exciton in terms of free electron-hole
interband pairs, which can be interpreted as the envelope function
of the Wannier exciton wave function in reciprocal space (14, 27).
Thus, in the Wannier limit, where the wave functions of the constit-
uent electrons are similar in nature as a function of k, the probabil-
ity of the XUV probe pulse photoemitting a constituent electron
from the exciton with momentum k is proportional to | Ay | % That
is, the momentum-resolved intensity distribution of the photoemit-
ted electrons in k-space directly images the modulus squared of the
excitonic envelope function in reciprocal space, which we will refer
to as simply the wave function squared. At finite temperatures, one
needs to also consider the thermal occupation of excitons with fi-
nite center of mass (COM) momentum, which broadens the mea-
sured photoemission spectrum. However, our ab initio calculations
show that this thermal broadening effect can be sufficiently small,
for low enough temperatures. (fig. S4).

In our experiment, performed at 90 K, as we lower the exciton
density by lowering the optical pump pulse intensity, we see a rapid
reduction in the width of the measured k-space distribution, as
broadening effects due to many-exciton interactions decrease (fig.
S5). For densities of <10'? cm™, one expects minimal exciton-exciton
interactions since the average interexcitonic distance exceeds the
expected (few nanometer) size of the exciton (33). Thus, the width
of the ARPES peak approaches the intrinsic width of the exciton in
k-space. Figure 2A and fig. S3 show the measured excitonic wave
function squared at a total exciton density of ~1 x 10" cm™2, as
recorded at a time delay of 0.5 ps. The choice of a nonzero delay
ensures the absence of a signal from the transient Floquet-like state,
which would otherwise coincide with the exciton signal for reso-
nant excitation conditions at zero delay and thus complicate the
measurement of the wave function. Beyond zero delay, we find that
for the resonant, low-excitation conditions, the measured k-space
distribution is largely unchanged as a function of time delay
(fig. S6), suggesting that quasi-equilibrium conditions are rapidly
achieved within our few hundred femtosecond temporal resolution.
A calculation using first-principles GW-BSE techniques (34-36)
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Fig. 2. Excitonic wave function squared of the K-valley exciton. (A) Experiment and (B) theory in momentum space. (C) Wave function squared in real space obtained
by Fourier transform of the experimental data. The overlay of the WSe; lattice shows the relative electron-hole distances extend over many lattice sites—the hallmark of
a Wannier-type exciton. (D to G) Profile comparisons of experiment and theory in two orthogonal directions in momentum (D and E) and real space (F and G).

reproduces the measured excitonic wave function in the full 2D re-
ciprocal space very well (Fig. 2, B, D, and E). From our measure-
ments, we obtain a root mean square (RMS) radius in k-space of
0.072 1/A, which corresponds to an RMS radius of 1.4 nm in real
space (Fig. 2C and see Supplementary Text for details), in excellent
agreement with our theory (Fig. 2, F and G). Previous magneto-
optical studies on WSe, have reported a radius of 1.7 nm (RMS)
for encapsulated samples, where a slightly larger radius is expected
because of the increased dielectric screening from the encapsulat-
ing hBN layers (33). As discussed previously, the finite temperature
of 90 K in our experiments gives rise to an extra broadening in k-
space from the thermal distribution of the exciton COM wave vec-
tor Q. Ab initio calculations show that, for these tightly bound
excitons, the contribution of the thermal broadening is less than
10% (fig. S4), which is within our experimental and theoretical un-
certainties.

Besides the momentum resolution of the wave function, our ex-
periments also allow us to resolve the energy of the photoemitted
electron (Fig. 3) and, thus, measure the dispersion relation of elec-
trons originating from excitons. Under our low-temperature and
low-density conditions, we have the opportunity to evaluate the
predicted anomalous dispersion (27, 28, 30), a signature of excitons
that has been elusive in experimental studies performed under dif-
ferent conditions (30, 31). On the basis of momentum and energy
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conservation, one can show that electrons bound to holes in exci-
tons, upon being photoemitted, will exhibit a negative energy-
momentum dispersion relationship that resembles the VB of the
hole (see Supplementary Text for a detailed description of the phe-
nomenon).

In Fig. 3B, we plot the energy-momentum distribution of the
photoemitted electron versus k along the K-I" direction of the Brillouin
zone (BZ). For each k, we see a distribution in the measured photo-
electron energies (Fig. 3C), which is largely due to the inhomo-
geneous broadening in the photoemission signal from our sample.
Despite this energy distribution, one clearly sees the negative disper-
sion exhibited by the photoemitted electron. To analyze this further,
we extract the peak energy of the distribution for every point in the
2D k-space (Fig. 3A, yellow surface, and see Supplementary Text
for details). A similar analysis is also performed for the VB, thus
providing its dispersion over the 2D k-space as well (Fig. 3A, blue
surface). Together, they exhibit a notable visual of the negative cur-
vature of the VB and the subgap excitonic signal. We also note that
Fig. 3A provides a remarkable illustration of how an ARPES-based
measurement encodes a correlated two-particle state in a single-
particle band structure. In Fig. 3B, we plot the peak energy versus k
for the exciton (magenta line) and the VB (dashed yellow), showing
the comparable negative curvatures of the two signals in an overlay
(the VB is displaced in energy for an easier comparison). We expect
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Fig. 3. Anomalous negative dispersion of the electron photoemitted from an exciton. (A) Measured energy-momentum dispersion relationship over the 2D k-space
for the electron photoemitted from the exciton and from the VB. Notably, the exciton signal shows a negative dispersion resembling the VB. A theory calculation for the
dispersion of the conduction band (CB) is also shown for comparison. The dispersion relationship for the exciton (yellow) and VB (blue) are obtained by fitting the exper-
imental energy distribution curves and extracting their peak values Ex(k) and Eyg(k) at each momentum. (see Supplementary Text) (B) Measured energy-momentum
distribution of the electrons photoemitted from an exciton, along a 1D cut in k-space centered at the K-valley. For each value of k|, the intensity versus the energy is
normalized to its maximum value. The yellow solid curves are the theoretical spin-split CBs. The dashed yellow and magenta curves correspond to Eyg(k) and Ex(k), with
Evg(k) offset in its energy position for easy comparison to Ex(k). (C) Energy distribution curves (light gray) and Gaussian fitting (black) for three representative values of k|

from (B), with red & symbol marking the peak positions of the fitted curve.

any discrepancy to reflect experimental uncertainty, inhomoge-
neous broadening in the photoemission signal of the sample and
finite temperature effects. We also note that our measurements
were performed at a nonzero delay to ensure that the observed neg-
ative dispersion feature is not due to the sideband replica of the VB,
related to the transient Floquet-like state, which is present only for
zero delay.

DISCUSSION

Our experiments of photodissociating the exciton and measuring
the photoemitted electron distribution in energy and momentum
spaces allow for unprecedented information about excitons. In the
immediate future, one could image the wave function of other in-
teresting excitonic states, such as the momentum- or spin-forbidden
dark excitons or the p-like excited states. Similar studies in other
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interesting material systems, such as the transition metal dichalco-
genide hetero- and homobilayers, 2D perovskites, could provide a
rich understanding of exciton physics therein. Furthermore, it is
likely that the central idea of dissociating composite quasiparticles and
measuring their constituents via TR-ARPES could be extended to
study other optically excited states, such as trions and biexcitons.
Beside accessing steady-state properties of these particles, our time
and momentum resolution could also access their coherent dynamics
and transient phenomena over the full BZ (29), an intriguing future
avenue of investigation. Furthermore, our current use of low-intensity
above-gap excitation, or future integration with intense below band-
gap pump pulses, which minimizes heating and other detrimental
effects, would enable the observation of emergent phenomena in
quantum materials. In general, these studies are of great topical
interest, with powerful new techniques being developed to realize
these goals (37-39). In this context, from the point of view of
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excitons, our work raises the intriguing question of whether these
studies from an ensemble of excitons could reveal the nature of
emerging equilibrium and nonequilibrium many-exciton states
that form after photoexcitation.

MATERIALS AND METHODS

Sample preparation

WSe, and hBN were mechanically exfoliated and stacked onto an
n-doped Si substrate by dry-transfer technique. Size of the ML
WSe; is around 40 um by 20 um. The hBN buffer is around 20 nm
in thickness, this buffer layer provides a clean and flat support, and
it also provides a dielectric environment that prevents quenching of
exciton. The ML WSe, was connected to bulk WSe, that sits direct-
ly on top of the Si substrate, and this provides a conductive pathway
and prevents sample charging. More details about the sample
preparation and geometry can be found in (29).

Optical pump and XUV probe

Our optical setup has been described in detail previously (29). The
optical pump and probe are driven by an ytterbium-doped fiber
amplifiers laser system that operates at 2 MHz, providing 230-fs
pulses at 1030 nm and a pulse energy of 100 pJ. Twenty microjoules
of this pump is used to drive a noncollinear optical parametric am-
plifier (NOPA), which provides a tunable wavelength from 320 to
2500 nm with a 5-nm spectral bandwidth and with pulse energies
ranging from 0.1 to 1 uJ. We use the output of this NOPA to photo-
excite the sample, and an incident angle is 68° from surface normal.
For the low-temperature experiment, we photoexcite the sample
resonantly at 1.72 eV (with 5-nm bandwidth) with a photoexci-
tation density of 1.02 x 10''/cm®. Details about estimating the photo-
excitation density are provided in Supplementary Text.

For the XUV probe, with a beta-barium borate (BBO) crystal,
we frequency doubled 30 uJ of 1030 nm from the laser system
generating 14 uJ of 515-nm radiation. High harmonic generation is
performed by focusing the 515-nm beam into a Kr gas jet in vacuum,
reaching a power density of 3 x 10" W/cm® Of the different har-
monics, 21.7-eV photon was selected by a combination of Al and
Sn filters. In all the experiments, the probe pulse was p-polarized,
and its incident angle on the sample is 68° from surface normal. The
effective temporal resolution of this pump-probe setup was ~240 fs.

Time-resolved angle-resolved photoemission spectroscopy
TR-ARPES was performed in a time-of-flight momentum micro-
scope (29). Photoelectrons emitted from the sample were collected
by an immersion objective lens, providing access to full half-space
above the sample surface. A field aperture inserted at the Gaussian
image plane of the electron optics was used to selectively allow only
electrons emitted from the ML region of the sample to pass through.
Momentum-space (ARPES) image of this selected sample area was
obtained by imaging the back focal plane of the objective lens, and
energy-resolved spectrum was measured by a time-of-flight detec-
tor. Energy resolution of the instrument was determined by the drift
energy of electrons in the time-of-flight drift tube, and in this exper-
iment, the effective energy resolution was set to 30 meV.

First-principles calculations
Density functional calculations within the local density approxi-
mation (LDA) were performed using the Quantum ESPRESSO
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package (40). We used the experimental lattice constant of 3.28 A in
our calculations. The GW (34) calculations were carried out using
the BerkeleyGW package (36). In the calculation of the electron
self-energy, the dielectric matrix was constructed with a cutoff ener-
gy of 35 rydbergs. The dielectric matrix and the self-energy were
calculated on an 18 by 18 by 1 k-grid. The quasiparticle bandgap
was converged to within 0.05 eV. The spin-orbit coupling was in-
cluded perturbatively within the LDA formalism. The calculations
of the excitonic ARPES spectra use ensemble average of photoelec-
trons emitted from excitons of different momenta, with the exciton
population following quasi-equilibrium Boltzmann distribution in
the K-valley. The exciton energy levels and wave function are calcu-
lated using the GW-BSE methods implemented in the BerkeleyGW
package, with the k-grid sampled in the K-valleys and the grid
density equivalent to 14,400 points in the first Brillouin zone (35).
In general, the GW-BSE method is expected to be accurate to within
roughly 100 meV for quasiparticle bandgaps of semiconductors
(41). Another important consideration is the convergence parame-
ters coming from the number of k-points, number of empty bands,
and dielectric cutoff, which, in our case, yield an error smaller than
50 meV. The calculated energy levels of K-valley excitons can be
further affected by factors such as the choice of lattice constant and
the pseudo-potential used in the calculations.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabg0192/DC1
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