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break, and the distant broken bonds are
extraneous to that requirement. A much
larger portion of the fracture energy than
anticipated therefore goes into severing
chemical bonds—and much less energy
is left for viscoelastic dissipation.

The result brings the researchers
closer to a much-needed physically faith-
ful model of fracture in elastic materials.
It offers hope of eventual solutions to
multiscale problems, such as how elastic

energy stored in the material bulk finds
its way to single molecular bonds and
how to rationally design new materials
that are more resistant to damage.

It also highlights the power of inter-
disciplinary research. “Creton alone
wouldn’t have had the tools to answer
his questions,” says Gostl, “and I alone
don’t have the polymer-science under-
standing to pose the questions. Only by
closely exchanging ideas can we tackle

the big, fundamental challenges.”

Johanna Miller
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Photoelectrons shine a light on dark excitons

The population of the
elusive quasiparticles is
nearly twice that of their
bright counterparts in a
two-dimensional
semiconductor.

When a valence electron jumps across

a bandgap to the conduction band,

it doesn’t always escape the hole it
left behind. In some materials, Coulomb
forces are strong enough to hold nega-
tively charged electrons and positively
charged holes together in neutral
electron-hole pairs known as excitons.
The prevalence and dynamics of those
quasiparticles affect the electronic and
optoelectronic properties of the materi-
als that host them.

Excitons come in two types, bright and
dark. A bright exciton forms when a sin-
gle photon is absorbed. In the case of dark
excitons, the electron and hole are con-
nected by an optically forbidden transi-
tion, meaning the electron didnt reach
the conduction band through photon ab-
sorption alone—it also needed a boost
from phonon scattering. Because they
lack a signature formation or recombina-
tion pathway, dark excitons are difficult to
study through the usual optical methods.

Now Julien Madéo and Michael Man,
both at the Okinawa Institute of Science
and Technology (OIST) in Japan, and their
coworkers have turned instead to angle-
resolved photoemission spectroscopy
(ARPES) for observing dark excitons.!
Their novel application of the technique
detected both bright and dark excitons and
monitored the populations over time.
Using two different photon energies to cre-
ate excitons produced the same surprising
result: Dark excitons were twice as preva-
lent as their bright counterparts. The find-
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FIGURE 1. THE ELECTRON BAND STRUCTURE in monolayer tungsten diselenide has
both a valence-band peak and a conduction-band valley at wavevector K. An electron
can jump directly across the bandgap by absorbing a single photon to form a bright K-
K exciton. However, the WSe, conduction band has a second energy minimum, at
wavevector Q, whose depth is almost identical to that at the K valley. A K-Q exciton is
called dark because it can form only if phonon scattering knocks an excited electron

into the Q minimum. (Adapted from ref. 1.)

ing shows the importance of dark-exciton
dynamics to understanding the optoelec-
tronic properties of exciton-rich materials.

Reduced dimensionality

Although excitonic states exist in all
bandgap materials, their natures vary. In

bulk semiconductors, for example, the
electrons and holes are often so weakly
bound that room-temperature thermal
fluctuations can break them apart. How-
ever, in transition-metal dichalcogenide
(TMD) semiconductors, the attraction
strengthens when the material’s dimen-



sions are reduced from three to two.? (For
more about two-dimensional materials,
see the article by Pulickel Ajayan, Philip
Kim, and Kaustav Banerjee, PHYSICS
TODAY, September 2016, page 38.) The
electrostatic force that binds electrons
and holes together is largely shielded in
bulk TMDs, but not in monolayers. The
tightly bound excitons are more robust,
so they play a bigger role in electron dy-
namics and are easier to study.

Madéo, Man, and colleagues focused
their attention on a particular TMD, tung-
sten diselenide. Bulk WSe, has only an in-
direct bandgap —the peak in its valence
band and the lowest point of its conduc-
tion band have different momenta—so the
gap can’t be traversed using photon ab-
sorption alone. But monolayer WSe, has
both a direct and an indirect bandgap, as
illustrated in figure 1, so it can host both
bright and dark excitons.

The bright excitons created through
WSe,’s direct transition make the mate-
rial photoluminescent and open potential
applications in such devices as flexible
transistors, photodetectors, and optical
switches.> And because tightly bound

excitons—both bright and dark—form
readily in WSe,, their dynamics control
the compound’s optoelectronic behavior.

The conduction band of monolayer
WSe, has minima at two wavevectors, K
and Q in the usual nomenclature, that
correspond to high-symmetry points in
the material’s Brillouin zone, the unit cell
in momentum space. Valence electrons
can be excited into one of those two val-
leys, which have nearly identical ener-
gies but different momenta. The valence
band peaks at the K wavevector, so a
few-eV photon can push an electron
across the bandgap into a K valley to
form a K-K exciton. But the photon can’t
impart enough momentum to push that
electron into the Q valley, which is why
K-Q excitons are called “dark.” Some-
thing else—typically a phonon—needs
to provide an extra kick to make that
transition happen.

Photoelectron probes

Optical techniques such as pump—probe
and luminescence spectroscopy work
fine for studying bright excitons but less
well for dark ones. Dark excitons don’t

form by the absorption of photons at a
particular energy, and their possible
routes to recombination —scattering into
a bright state, interacting with a lower-
lying defect state, or another indirect
path—produce ambiguous signals.

ARPES, on the other hand, directly
characterizes the electrons in excitons
rather than probing their transitions. It's
a go-to technique for exploring elec-
tronic structures: Incident photons kick
electrons out of a target material and the
electrons’ energies and momenta are
measured. But experimental challenges
have prevented its application to exci-
tons. The experiment must have a source
of extreme-UV (XUV) photons to break
apart the tightly bound electron-hole
pairs and eject photoelectrons, subpico-
second temporal resolution to follow the
exciton population’s evolution, and
micron-scale spatial resolution to probe
tiny samples of high-quality exciton-
hosting materials.

“Several leading research groups in
the world were thinking of ways to use
ARPES-based methods to study excitons
over the past decade,” says Keshav Dani,
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FIGURE 2. PHOTOELECTRONS FROM DARK AND BRIGHT EXCITONS have
experimentally indistinguishable energies, but which conduction-band valley
they reside in, K or Q, can be determined by their momenta. (a) When
bandgap-resonant photons create excitons in monolayer tungsten diselenide,
the electrons initially (red dashed line) populate the K valley. After about 0.4 ps
(black dashed line), however, many of them have scattered to the Q valley.

(b) The steady-state ratio of K- to Q-valley electrons (black) is about 0.5,
indicating that the WSe, monolayer contained nearly twice as many dark
excitons as bright ones. The energies of the dark (red) and bright (blue)
excitons remain nearly constant throughout. (Adapted from ref. 1.)

combining those elements with a
high-power femtosecond laser,
they built an apparatus capable of
TR-XUV-u-ARPES.
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Madéo, Man, and colleagues cre-
ated excitons in a WSe, mono-
layer by resonant excitation—
sending in pulses of red photons
whose energy, 1.73 eV, was just
enough to create an exciton.
Pulses of XUV photons then
broke the excitons apart. When
the excitation and measurement
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head of the OIST group that led the study.
In fact, developing capabilities for tempo-
rally and spatially resolved photoemis-
sion measurements in novel semiconduc-
tor systems was a goal of Dani’s when he
founded his group in 2011, the same year
OIST opened. Dani credits the young uni-
versity’s emphasis on interdisciplinary
and international collaboration with the
group’s success: “The unique institu-
tional and administrative environment is
fundamental to the sustained pursuit of
creative, high-risk science.” (For more
about young research universities, see
PHysIcs TODAY, April 2020, page 22.)
When Dani began, no one apparatus
combined the requisite technologies of
XUV-photon sources (XUV-ARPES), sub-
picosecond temporal resolution (TR-
ARPES), and micron-scale spatial resolu-
tion (U-ARPES). And, according to Dani,
“It's not possible to simply combine the
standard technologies to do this.” For their
new instrument, one of the paper’s lead
authors, Man, prepared a u-ARPES setup
using a state-of-the-art electron micro-
scope. Meanwhile, the other lead author,
Madéo, developed a high-power, time-
resolved XUV-radiation source that could
be incorporated into the microscope. By
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pulses were separated by just a

few femtoseconds, the ejected

electrons” momenta peaked at a
value consistent with bright excitons.
But once the delay between pulses ex-
tended to 400 fs, the peak shifted to a mo-
mentum value corresponding to a dark
exciton (see figure 2a). The researchers
attribute that shift to K-K excitons scat-
tering into K-Q states. After about 1 ps,
the ratio of dark to bright excitons
reached a steady-state value of approxi-
mately 2:1 (see figure 2b).

In a second experiment, 2.5 eV pho-
tons pushed valence electrons across the
bandgap. Some electrons used the addi-
tional energy to escape their holes, but
after about 300 fs, excitons formed. Unlike
what happened in the first experiment,
the K-Q excitons formed directly and
preferentially, and scattering pushed the
population partly into the K valley. After
about 1.5 ps, the excitons were again
about twice as likely to be dark as bright.

Although the OIST researchers built
their own apparatus, their success hinged
on contributions from collaborators. The
experiments required a high-quality
WSe, monolayer sample, which was pro-
vided by Xiaogin (Elaine) Li’s group at
the University of Texas at Austin. And
after they made their first successful
measurements in spring 2019, Dani and

his group reached out to Tony Heinz
(Stanford University) and his postdoc
Ting Cao (now at the University of Wash-
ington) for help interpreting the results.
Says Dani, “Discussions with Ting, Tony,
and Elaine were invaluable in extracting
the right physics out of our data.”

Questions about dark excitons re-
main, and TR-XUV-u-ARPES may be
able to answer them. Future experiments
could, for example, explain why above-
gap excitation preferentially produces
K-Q excitons, elucidate the role of impu-
rities in exciton scattering, and investi-
gate how dark excitons affect optoelec-
tronic properties.

Lengthier experiments could measure
how long dark excitons survive. The cur-
rent study tracked the quasiparticles for
only a few picoseconds, approximately
the lifetime of a bright exciton. But a dark
exciton’s lifetime is expected to be much
longer—perhaps on the order of nano-
seconds or more—owing to its strong
binding and indirect recombination
pathways.* That would qualify dark exci-
tons as candidates for use as qubits in fu-
ture quantum computing devices.

Forbidden transitions involving an
electron-spin flip can also produce dark
excitons in TMD monolayers, and they're
distinguishable from spin-allowed bright
excitons by their energies. Although the
current data lack sufficient resolution to
separate out those contributions, higher-
quality samples should make that possi-
ble. Says Dani, “I think the list of future
experiments is endless.”

Christine Middleton
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