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Biexciton fine structure in monolayer transition
metal dichalcogenides
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FrankJahnke'* and Xiaoqin Li2

The optical properties of atomically thin transition metal dichalcogenide (TMDC) semiconductors are shaped by the emer-
gence of correlated many-body complexes due to strong Coulomb interaction. Exceptional electron-hole exchange predestines
TMDCs to be used to study fundamental and applied properties of Coulomb complexes such as valley depolarization of excitons
and fine-structure splitting of trions. Biexcitons in these materials are less well understood and it has been established only
recently that they are spectrally located between excitons and trions. Here we show that biexcitons in monolayer TMDCs exhibit
a distinct and rich fine structure on the order of millielectronvolts due to electron-hole exchange. Ultrafast pump-probe experi-
ments on monolayer WSe, reveal decisive biexciton signatures and a fine structure in excellent agreement with a microscopic
theory. We provide a pathway to understand the complex spectral structure of higher-order Coulomb complexes in TMDCs

going beyond the usual classification scheme in terms of four-particle configurations.

semiconductors has long been of interest in both theory and

experiment. It has been discussed in the context of longitu-
dinal-transverse exciton splitting in bulk materials* and of exci-
ton fine-structure splitting in. quantum dots, where it is a major
limitation. to the generation. of entangled photons™. Biexcitons,
also. known as exciton molecules, are fundamental to. the nonlin-
ear optical response of semiconductors. Based on a many-body
theory including biexcitonic effects, nonlinear pump-probe experi-
ments in InGaAs quantum wells have been successfully described**
without taking electron-hole exchange into account. On the other
hand, several authors have recognized the relevance of electron—
hole exchange for biexcitons in materials such as CuCl and CdS™".
Although, in. some cases, significant corrections of biexciton bind-
ing energy. due to electron-hole exchange have been reported,
a fine-structure splitting of biexcitons has not been discussed.
Atomically thin TMDC semiconductors offer new possibilities for
studying Coulomb. correlation effects. by introducing reciprocal-
space valleys as a new degree of freedom selectively addressable by
circularly polarized light. Electron-hole exchange has strong impli-
cations for. the valley. dynamics and is currently an object of intense
research'~'"*. The theory. of electron-hole exchange in TMDC semi-
conductors has been. put on a microscopic basis by Qiu et al.”*, who
discussed the resulting non-analytic exciton dispersion and large
splitting between bright and dark excitons. In stark contrast to, for
example, InGaAs quantum wells, the splitting between exciton states
can reach several tens of millielectronvolts in TMDCs. Similarly
strong effects are observed in the fine-structure splitting of inter-
and intra-valley trions in these materials™ . It is worth speculating
whether. biexcitons and even higher complexes could also have a
fine structure with implications for nonlinear optical effects utilized
in coherent control schemes and for manipulation of exciton spin

l he exchange interaction between electrons and holes in

coherences?. However, even modern variational approaches that
have been applied to. describe biexcitons in TMDC semiconductors
rely on simple band structures and Coulomb. interaction models,
neglecting electron-hole exchange effects entirely-.

Here, we provide evidence for a pronounced biexciton fine struc-
ture in TMDC semiconductors. by. performing material-realistic
calculations of biexciton spectra including electron-hole exchange
interaction. We condense the full microscopic theory into a simple
four-particle-configuration model for biexcitons to. identify the rel-
evant interaction processes and optical selection rules. Our theory
shows that the biexciton fine structure leading to. several optically
bright transitions is caused by nonlocal electron-hole exchange
acting at a distance of multiple unit cells. On the other hand, local
exchange between carriers within the same unit cell leads to an
increase of the binding energy of the lowest biexciton state. Ultrafast
pump-probe experiments performed on monolayer WSe, verify the
theoretical prediction by showing a distinct biexciton fine structure
in excellent quantitative agreement with the calculated spectrum.
All biexciton resonances are found to be spectrally located between
excitons and trions, which is consistent with the spectral ordering
observed in monolayer. MoSe, by two-dimensional coherent spec-
troscopy”. Previously, larger biexciton binding energies have been
inferred from experimental observations of other stable many-body
states in TMDCs*~“, As discussed in ref.”, resonances in mono-
layer WSe, and WS, with binding energies larger than 50 meV can
be explained by the coupling of excitons to inter-valley plasmons.
Our results not only provide a more accurate description of biex-
citons but also. give rise to a new picture of multi-exciton states
as. quantum superpositions of many-body. configurations going
beyond the usual classification in terms of band-structure valleys.
Our study may stimulate future experiments to. observe fine struc-
tures also in higher-order Coulomb. complexes.
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Fig. 1] Pump-probe selection rules of biexcitons in monolayer TMDC. a, Coherent biexcitons with zero total momentum are resonantly excited by pump
and probe photons with cross-circular polarization. The solid parabolas denote the relevant like-spin conduction and valence bands around the K and

K’ points, while the dashed parabolas denote split-off conduction bands with unlike spins. The biexciton state |B!fH(q = 0)) emerges from the mutual
Coulomb interaction of two electrons and two holes and can be pictured as being composed of two excitons in tﬂf& K and K’ valleys with small momenta
around q=0. The arrows denote the electron (1) and hole ({}) spins of the contributing excitons. b, ] schematic of a pump-probe experiment with two
equivalent excitation pathways leading to two equivalent bright biexciton states. The biexciton binding energy is given by the difference between the
biexciton energy and the exciton-exciton scattering continuum edge denoted by |2X). ¢, Differential absorption of WSe, pumped at the red wing of its
neutral exciton resonance in a pump-probe experiment with cross- (left panel) and co-circularly polarized (right panel) pump and probe pulses.

Biexcitons. can be detected in nonlinear optical measurements,
where biexciton formation can either take place coherently or inco-
herently. In the latter case, the semiconductor is excited above the
single-particle bandgap to. generate hot carriers that may relax and
form excitons and biexcitons by passing excess energy to the lat-
tice before carrier recombination sets in. In a resonant pump-probe
experiment, a pump. tuned to the exciton energy leads.to.an induced
absorption of the probe, tuned to the energy redshifted from the
pump. by the. biexciton. binding energy®. This coherent process of
biexciton creation is cleaner and easier to compare with a micro-
scopic. theory. The measured pump-probe signal is governed by
optical selection rules that typically allow the observation of biex-
citons only for certain combinations of pump and probe polariza-
tions. In atomically thin TMDC semiconductors, K and K'. valleys
are linked by. time-reversal symmetry. Furthermore, strong spin—
orbit splitting of the valence band leads to spin-valley locking, and
thus valleys. can be selectively excited with circularly polarized
light*. As is known from conventional semiconductors, biexcitons
can be excited only when pump. and probe photons have opposite
polarization*, as illustrated in Fig. 1. For a co-circular pump-probe,
no biexciton signal is expected. To. test this prediction, we perform
near-resonant pump-probe experiments on a mechanically exfoli-
ated WSe, monolayer. kept at a temperature of 13 K. For. details of
the experiment, see the Methods. The results of measurements with
cross- and co-circular polarization of pump and probe pulses are
shown in the left and right panels of Fig. 1c, respectively. As will be
shown later, biexcitons in this material appear in the spectral region
between the neutral exciton and the trion. Indeed, the experiment
shows a distinct induced absorption in this spectral region, which
is present only for cross-circular polarized pump and probe pulses.
A set of pump—probe experiments over an extended spectral and
time range are shown in the Supplementary. Information.
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For a qualitative description of the observed absorption fea-
ture, we introduce a simple yet powerful model based on a small
Hilbert space of four-particle configurations to analyse the effect of
electron-hole exchange on biexciton spectra. The model is under-
pinned by a microscopic theory of biexcitons, which we discuss in
detail in the Methods and use to obtain precise numbers that can
be compared to experiment. In pump-probe experiments, only
biexcitons with vanishing total momentum can be observed. Due
to. translational symmetry. of the crystal, biexcitons. with different
total momentum do. not couple to each other, so that we can limit
the Hilbert space of our model to. biexcitons with vanishing total
momentum. Moreover, monolayer WSe, exhibits a conduction-
band splitting of tens of millielectronvolts at the K-point due to spin—
orbit interaction as schematically. shown in Fig. 1a. Due to the large
conduction-band splitting, coupling between the upper. and lower
conduction band is expected to be weak. Hence, we can exclude the
lower conduction band from our theory, which significantly. sim-
plifies. the discussion of the results. Consequently, in the subspace
of zero-momentum biexcitons there are six degenerate configura-
tions including biexcitons composed of two. inter-valley excitons
with opposite momentum IK — Kl presented in Fig. 2a: {BJ}'" (0)),
IBITH (0)). BAIT (0)), BIAT (— K))» 1B (K)), BL2L(0))}. Note

that microscopically biexcitons can be interpreted as superpositions
of two-exciton states with different exciton momenta, just as exci-
tons are composed of electrons and holes in different Bloch states.
The exciton momentum assigned to. the biexciton configurations in
brackets denotes the dominant contribution. to the superposition.

Only the configurations B!V (0)) and IB!*!" (0)) corresponding

to. the pump-probe excitation pathways shown in Fig. 1b. have
non-zero. oscillator strength. Nevertheless, all six configurations
are eigenstates with energy E of the four-particle Hamiltonian H,
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Fig. 2 | Configuration picture of biexcitons in monolayer WSe,. a, Biexciton configurations realized by pairing like- and unlike-spin excitons in monolayer
TMDC. Biexcitons are composed of excitons with different total momenta, just as excitons are composed of carriers in different Bloch states, where q
denotes the dominant momentum contribution. Only two of the configurations (2 and 3) can be optically excited in a pump-probe experiment as shown in
Fig. 1. b, Nonlocal electron-hole exchange induces interaction, given by the matrix element U, between biexciton configurations that differ by the spin flip
of one electron-hole pair.[{ s explained in the text, U incorporates exchange processes between K and K’ excitons with all finite total momenta according to
their admixture in the respective biexciton states. The momentum-dependence of electron-hole exchange is discussed in the Supplementary Information.
¢, Local electron-hole exchange induces a blueshift A ; of like-spin (triplet) excitons leading to a singlet-triplet exciton splitting. The blueshift is transferred
to biexciton configurations composed of two like-spin excitons (configurations 1, 2, 3 and 6). d, [l schematic four-particle energy spectrum including six
degenerate biexciton configurations as introduced in a below the exciton-exciton scattering continuum. Local electron-hole exchange interaction shifts the
continuum by 24, while nonlocal exchange leads to a fine structure of biexciton states by mixing all configurations. The shift of the lowest biexciton state
by 4/3A,; can be qualitatively understood from the configuration-interaction model, while precise numbers are obtained from a microscopic theory, see

discussion in the text.

that contains the kinetic energies. of two. electrons and two. holes
as well as the direct Coulomb interaction between them in anal-
ogy to the hydrogen molecule. By adding electron-hole exchange
to this picture, we introduce interaction between the configura-
tions. leading to. new eigenstates and eigenenergies. This concept
of interacting configurations. is well known from many-electron
atoms. or semiconductor. quantum dots. It is the new eigenstates
including interaction that are observed in experiment instead of
the configurations. All six configurations are coupled by.electron—
hole exchange and are thus necessary to be included in the model.
Microscopically, there are local and nonlocal contributions to
electron-hole exchange. Nonlocal exchange mixes excitons in the
K and K’ valleys with finite total momentum, thereby reducing
valley selectivity'*-'". At the same time, a non-analytic light-like
exciton dispersion for like-spin excitons emerges together with
a momentum-dependent splitting. Local exchange, on the other
hand, leads to an overall blueshift of like-spin excitons, which
we refer to as a local-field effect. A detailed discussion of elec-
tron-hole exchange in monolayer. MoS, is given in ref." and
comparable numerical results for monolayer WSe, are shown in
Supplementary Fig. 2. The effects of electron-hole exchange on
biexciton configurations are schematically explained in Fig. 2b,c.
The nonlocal and local contributions to exchange are described
by the Hamiltonians Hy, and H,j, respectively, which have to be
added to. H,. We set up the total Hamiltonian by using the six con-
figurations. as a basis:

H; (B/IHy\B,) + (B,\Hy + Hy{IB,)

1
E+U;+Arg; (1)
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The off-diagonal matrix elements take into. account the spin-
selection rules due to electron and hole spins in the configura-
tions. To obtain an analytically. solvable problem, we assume that
all non-zero exchange matrix elements have the same values U and
A, respectively. The full Hamiltonian is given. in the Methods. It
is important to. realize that the matrix elements U; and 4,;, are
projections. of the microscopic four-particle Hamiltonian into
the configuration basis and therefore incorporate electron-hole
exchange between carriers with all possible momenta according
to their admixture in the respective biexciton state. While nonlo-
cal electron-hole exchange has no effect on excitons with zero
total momentum, it strongly modifies the exciton dispersion at
finite momenta'. We first analyse. the biexciton spectrum in the
absence of local-field effects. by diagonalizing H,+ H,, obtaining
the eigenvalues

{E,=E, E,=E+2U, E,=E+2U)}

{E;=E+2U, E;=E+4U, E,=E+6U} @
Hence, without local-field effects, the lowest biexciton energy, E,
remains unchanged by exchange interaction. At the same time, a
triplet of states is split by twice the exchange matrix element U.
Including local-field effects perturbatively via H,,, we find the first-
order energy correction to the lowest eigenenergy to be 4/34 ;. The
lowest eigenstate is thus shifted less than the exciton—exciton scat-
tering continuum (24, ;) as illustrated in Fig. 2d. This is due to the
fact that the unlike-spin biexciton configurations 4 and 5 in Fig. 2a.
are. mixed into the new eigenstates but do not experience any
local-field shift. The net result is an increase of the largest
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binding energy. by. 2/34,; in good agreement with our. full micro-
scopic solution.

We draw. conclusions. about the oscillator strength of the
interacting states under cross-circular. excitation by calculating
dipole matrix elements:

Id,*

Kplo, IX P

KB (0)) +(pBLIT (0))12 ©)

where |¢,). are the eigenstates including nonlocal electron-hole
exchange and &, creates an electron-hole pair at K'. as shown in
Fig. 1b. It follows that three of the biexciton states including
exchange interaction are bright with |d,|?=2/3, |d,|?=1 and
|dg|*=1/3 corresponding to the eigenenergies E,, E, and E, given
above. This remains true in the presence of local-field effects,
although the values. of dipole matrix elements change. We. there-
fore expect to observe three bound biexcitons, which are quantum
superpositions of the basic four-particle configurations, with differ-
ent oscillator strengths. We emphasize that the oscillator strengths
(1, 2/3, 1/3) are calculated from the configuration model with the
approximation that the exchange matrix elements U do not depend
on the configuration indices. Furthermore, we neglected local-field
effects to simplify the discussion. Hence, these oscillator strengths
are. expected to just give a qualitative clue about transitions being
bright or dark, similar to the role that is played by the simple biexci-
ton spectrum given in equation (2). A quantitative agreement with
the actual oscillator strengths in experiment is not expected.

The above prediction of a biexciton fine structure is confirmed
by additional experimental data. In Fig. 3a we present time-resolved
differential absorption data obtained from the cross-polarized
pump-probe signal exhibiting distinct signatures. of excitons and
trions as well as an additional resonance between them as a func-
tion. of delay versus probe. energy with a fixed pump. energy of
1,744 meV. In Fig. 3b, a series of spectra with variable pump energy
(from 1,759 meV to 1,741. meV) at zero. delay are shown as a func-
tion of probe energy. Biexciton signatures are expected to show up
as positive signals, as they result from induced absorption. The
experimental data can be perfectly described by fitting curves that
take into account three biexciton resonances with binding energies
18.3 +0.5meV, 10.3.+:0.5meV.and 3.+0.5meV, respectively. For. the
fitting, while the amplitudes. of each biexciton resonance are allowed
to vary with changing pump-pulse energies, the centre biexciton
consistently has the strongest amplitude as estimated from our con-
figuration model. For further details of the fitting process, see the
Supplementary Information. In addition to the biexcitons, our fit
takes into account the differential exciton absorption resonance. We
allow for a pump-induced energy. shift, absorption bleaching and
asymmetry of the line shape, where the line becomes narrower on
the red side.and wider on the blue side. The line shape asymmetry.is
required to understand the signatures between 1,750 and 1,755 meV
that can be fitted systematically for all pump wavelengths, which we
illustrate for an example in Fig. 3b,c. The exciton line asymmetry
can be attributed to dephasing processes due to. biexciton scattering
states as discussed in refs %,

After comparing the predictions of our configuration model with
differential absorption spectra on a qualitative level, we further sub-
stantiate our results by a quantitative assessment of biexciton bind-
ing energies. A full microscopic description of coherent biexcitons
is obtained from a generalized four-particle Schrédinger equation
in reciprocal space including realistic band structures and Coulomb
matrix elements. Electron-hole exchange interaction can be sys-
tematically taken into account, which is beyond modern variational
approaches previously applied to TMDC semiconductors™*. By
diagonalizing the full microscopic Hamiltonian, we obtain energies
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Fig. 3 | Differential absorption of monolayer WSe, on sapphire from
theory and experiment. a, Time-resolved differential absorption data

from cross-polarized pump-probe spectroscopy with a pump energy of
1,744 meV. b, The corresponding differential absorption spectra at zero time
delay (filled black circles) for pump-pulse energies ranging from 1,759 meV
(bottom) to 1,741meV (top) are compared to fits based on the predictions
of our theoretical model (solid lines). Details on the fits are given in the text.
The different data sets are vertically shifted for better visibility, with the
zero differential absorption for each pump spectrum indicated as thin lines.
The vertical bars denote the spectral positions of the three optically bright
biexciton states. ¢, Fit function for absorption spectra without and with the
pump at 1,746 meV. The pump-induced emergence of asymmetry of the
exciton line (X) as well as two prominent biexciton resonances

(XX,, XX;) are visible. The third biexciton (XX;) has a much smaller
oscillator strength. d, Differential absorption from the fitting curves in

¢. flsymmetric lineshape, bleaching and shift of the exciton lead to the
remarkable signature in Aa that is also observed in experiment.

The shaded areas show the contributions of biexcitons and excitons to
the differential signal.

of bound and scattering four-particle states. Biexciton binding ener-
gies (Ep= Eyx—2Ey) are then extracted by comparing the lowest
eigenvalues. of the full four-body. problem (Ey) to the exciton-exci-
ton continuum edge. (2E,). from a calculation for two. independent
excitons. Neglecting electron-hole exchange, the calculation yields
a binding energy of 19.5meV for the biexciton that is shown in
Fig. 1a in freestanding monolayer WSe,. We compare this result to
previous variational calculations in the Supplementary Information,
where we also show binding energies including electron-hole
exchange for a freestanding monolayer. We find a correction of the
largest biexciton binding energy proportional to the singlet-triplet
exciton splitting A, ; as discussed before for materials such as CuCl
and CdS"'. In the presence of a dielectric environment of the TMDC
monolayer given in experiment, where it is placed on a sapphire
substrate, we obtain the biexciton binding energies {19.8, 12.3, 11.6,
11.6, 3.4, 3.1} meV. The arrangement of eigenenergies with three
almost degenerate states in the middle is in good agreement with
our configuration model as illustrated in Fig. 2d. Considering the
optical selection rules discussed above, our. microscopic theory. thus
predicts biexciton binding energies around 20, 12 and 3 meV. to. be
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observed in experiment. These values are in very good agreement
with the binding energies we obtained from fitting the differential
absorption spectra as shown in Fig. 3. The binding energies are only
slightly overestimated by theory, most probably because screening
by residual carriers is not taken into account.

Exchange interaction between electrons caused by their indis-
tinguishability is at the heart of quantum mechanics and chemi-
cal bonding. Electrons and holes in a semiconductor, on the other
hand, are approximately. distinguishable, which generally. results in
weak electron-hole exchange effects. For example, in semiconduc-
tor quantum dots, the exciton fine structure due to. electron-hole
exchange is on the order of microelectronvolts, while in quantum
wells no such effects have been observed. Our results show that
atomically thin TMDC semiconductors. are well suited to study the
fine structure of correlated Coulomb complexes experimentally as
these materials combine large binding energies and relatively strong
electron-hole exchange interaction. Biexcitons reveal a distinct fine
structure. that can be traced back to electron-hole exchange, along
with local-field corrections. to biexciton binding energies. The fitting
of experimental differential absorption spectra assuming three biex-
citon resonances, where the binding energies are very consistent at
eight different pump. wavelengths, strongly supports the predictions
of our microscopic theory. quantitatively. This is further supported
by the fact that we can, at the same time, reproduce the complex
differential line shape of the exciton resonance caused by biexciton
correlations, which has not been reported before for TMDCs.

We. further. demonstrate. that profound insight into the relevant
interaction processes can be gained by condensing the full micro-
scopic theory into a simple configuration model for biexcitons. From
the observation that the simple model captures the structure of the
full spectrum, we conclude that the latter is essentially determined
by the spin-selection rules of electron-hole exchange, while precise
numbers can be obtained from microscopic calculations. Our. pic-
ture of many-body. complexes and their fine structure goes. beyond
the frequently used classification of many-body.states as a combina-
tion of bright and dark excitons from different valleys. The picture of
a biexciton as a combination of two specific excitons corresponds to
a single four-particle configuration in our scheme. The true many-
body states observed in optical spectra emerge from the interaction
of such configurations driven by electron-hole exchange.

The understanding of the biexciton fine structure opens a new
field of research as the conclusions we draw are not limited. to. WSe,
on sapphire substrate but are general for most vertical heterostruc-
tures based on semiconducting TMDCs. Even richer fine structures
are expected for molybdenum-based materials due to the practically
degenerate conduction bands, where more biexciton configura-
tions can take part in the interaction. The configuration picture we
present here can moreover be extended to consider electron-hole
exchange in dark-bright biexcitons and higher Coulomb complexes
in TMDCs. The emergence of encapsulated samples with reduced
linewidths, narrower than the splittings we predict here, promises to
reveal this rich spectral structure in future experiments®.

The biexciton fine structure does not rely on the existence of sev-
eral inequivalent valleys as a single spin-degenerate conduction- and
valence-band valley should have the same effect. Such a situation is
given for thallium halides, where a configuration picture has already
been applied to. determine. the effect of electron-hole exchange on
the lowest biexciton state'>. However, a biexciton fine structure has
not been predicted there. Neither has it been attempted to calculate
material-realistic spectra for classical materials with strong biexciton
signatures such as CuCl. We conclude that reconsidering such mate-
rials by means of both modern computational and experimental
methods could reveal previously undiscovered biexciton properties.

In light of our results, the question arises whether electron-hole
exchange effects are carried over. to. TMDC nanostructures* . or
localized biexciton complexes* both envisaged for quantum-optical
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applications. The. biexciton fine structure in TMDC layers, as we
describe it here, crucially depends on the existence of several four-
particle configurations, due to the continuous density of states pro-
vided by the band-structure valleys, interacting via electron-hole
exchange. If only a discrete density of states is realized in a nano-
structure, we expect just a single biexciton line as in semiconductor
quantum dots. However, the microscopic understanding of TMDC
nanostructures and their electronic states is still at its very. begin-
ning and remains a fascinating topic for. future investigations.
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Methods

Dynamics-controlled truncation theory for biexcitons including electron-hole.
exchange. The equations that describe coherent biexcitons in a pump-probe set-
up on a microscopic basis are derived using the dynamics-controlled truncation
scheme®* that has been successfully used in the past to. describe biexcitonic effects
in quantum-well structures®. This method allows one to. systematically account

for nonlinear contributions to. exciton dynamics up. to a certain. order in the
exciting optical fields within the coherent limit. Biexcitonic contributions appear.
in third order (¢ nonlinearity) and the biexciton spectrum is governed by the.
homogeneous equations. of motion for. the four-particle correlations

the K e h o _e
(q) == (a'p_japa  ay, )
q k—qTk Tk q ()

I 3 h
— (a_kr_qa:r) (a_ka:ﬂ)

with electron and hole annihilation operators ay.and a.’::

d '
Plzkz = h
ih— tBll (q) (E—k—q

1
vy Zf

Uzﬁ!'k
k.k+q— q k—q k+q

© . et
+E5 +€_k+€k+q)B;k.f(q)

ekhz
k I(+q q |(+qI(—q

hehe
B ()
1 (Ve ,
A o k+qk—q.kk+q—q

_ Ueﬁz}: . Ez}u-
k+qk-q kiq—q k) k—q. k(q)

= kb Bheks (q+
A % k+q+q.k-q I(.k+q k- q.k(q q)
9

(5

_L Z (Vehid ,  _yekeh, )
A~ kk-qkk-q  kk-qk-qk
qhe
Bheh?
k-q.k—q
1

+— V«n Mkz
A~ kiqk k+q ktq— q hk+q (q q)
q e

(q+9)

_L Z (Vehhe )
AT ktgkiq-gkiqkigq
qhe
_yehe, . \BWhe(q_q'
k+gqk +q-q k+q-q.k +q) kk Q-9

A denotes the.crystal area. Equation. (5) represents a generalized four-particle
Schrédinger equation for zero total momentum in reciprocal space including,
arbitrary band structures £ and Coulomb matrix elementsV‘g_‘Z“W i While the
band structures are given in the electron-hole picture with hole momenta written as
negative valence electron momenta, the matrix elements are represented in the picture
of conduction and valence band electrons as usually obtained from first-principle
calculations. The six ‘direct’ interaction terms with matrix elements V. and momentum
transfer.q'. are analogous to Coulomb. interaction. between the four particles in a
hydrogen molecule. The additional terms describe electron-hole exchange, which
is beyond the picture of biexcitons as a semiconductor. counterpart to hydrogen.
molecules. As the Coulomb interaction is spin-diagonal, only the electron-hole.
exchange terms couple biexcitons with different spin combinations. We consider the
two highest conduction and two. lowest valence bands of a TMDC semiconductor here,
hence e and h label the respective spin index. Otherwise there would be additional
exchange terms between different conduction and different valence bands in equation
(5). Note that the electron-hole exchange interaction is described by unscreened.
Coulomb. matrix elements U (see refs™'**"), while V.denotes matrix elements screened
by carriers in occupied bands and the dielectric environment of the TMDC layer.
The first three lines of equation (5) describe two independent excitons containing the
exciton—exciton continuum edge as the lowest eigenstate.

As those TMDC biexcitons visible in pump-probe experiments are hosted
in the K and K'. valleys of the Brillouin zone, we limit our single-particle basis to.
these valleys, where we carefully converge our results with respect to the radius in
k-space around K and K’ and to the resolution of the used Monkhorst-Pack mesh.
More. details. on the convergence are given.in the Supplementary Information. To.
obtain biexciton spectra numerically, we have to diagonalize the homogeneous
equation of motion (5) in a matrix form set up in a basis defined by the quantum.
numbers {k, k', q, e, h,.€’, h'}. Since the resulting matrix can. amount up to.several
terabytes depending on the used k-mesh, we utilize an iterative Krylov space
method as contained in the SLEPc package*® for the PETSc toolkit* to obtain only.
the lowest eigenvalues. Due to. the numerical discretization of momentum space,
there is an uncertainty. of binding energies of +1.meV.
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Material-realistic description of Coulomb. interaction. We. combine the above
many-body theory. of biexcitons with. ab. initio methods providing material-
realistic band structures and bare as well as screened Coulomb matrix elements
on a G,W level as input for. the equations of motion (5). More details on the
G, W, calculations are given in ref.”. The valence- and conduction-band splitting
caused by. spin—orbit interaction is described along the lines of refs*' including
first- and second-order. effects. Coulomb. matrix elements for. monolayer

WSe, on a substrate are obtained in two steps. First, density. functional theory.
ground-state data for a freestanding monolayer. obtained in FLEUR™ are used to.
calculate bare Coulomb matrix elements and the RPA dielectric function in the
SPEX™ code. The quantities are calculated in a localized basis |a). consisting of
Wannier functions with dominant W-d-orbital character for discrete values of
momentum q. Then, bare matrix elements and the dielectric function including
substrate effects are parametrized as a function of |q|. using the Wannier function
continuum electrostatics. approach described in refs **°. The approach combines a
continuum electrostatic model for. the screening by the dielectric environment in
a heterostructure with a localized description of Coulomb interaction. The actual
parametrization is provided in ref. **. To simulate the dielectric environment given
in our experiment, we assume that the WSe, layer is van der Waals-bound to. the
sapphire substrate with dielectric constant £=10 and a distance of 3 A between the
outer atomic layers of the TMDC and the substrate, which has been shown to.be
reasonable™~". We obtain Coulomb. matrix elements. in Bloch-state representation
by.a unitary. transformation

[ Aizdady

Ay _dgprafys
kiqk—qkk Z (Cﬂ'k+q) (C;II( q) Crk'cril(U (6)

with coefficients c’lk that connect the localized and the Bloch basis on.a G;W,
level as described previously™. While for. the direct Coulomb interaction
density-density-like contributions V™ are dominant, it turns out thata proper.
description of electron-hole exchange additionally requires matrix elements that
are exchange-like in. the local representation:

Uz = Ugeg, 8, + U5, 5, ()

The density-density-like matrix elements. given in. the first term. are momentum-
dependent and thus. nonlocal in real space with a characteristic 1/g behaviour for.
small momenta. A numerical analysis shows that they yield the main contribution
to the longitudinal-transverse exciton splitting shown in Supplementary Fig. 2.
that leads to.a light-like dispersion of the upper exciton branch. The exchange-
like matrix elements in the second term of equation (7), on the other hand, are
practically momentum-independent and correspond to local interaction processes
between carriers within the same unit cell. They alone are responsible for the
almost momentum-independent exciton blueshift, which is therefore. termed a
local-field effect. Unlike the density—density-like matrix elements, the exchange-
like matrix elements are not obtained via the Wannier function continuum.
electrostatics approach but fitted directly with a constant value.

The exchange effects can also. be understood. by analysing Coulomb. matrix
elements such as Uﬂf{:k_ g k+q—q.k I €quation (5).for k and k—q". in the vicinity.
of K and K’ and small exciton momenta q. To. this end, we resort to.the d__,
and. d__, orbital character of Bloch states in the K- and K'-valleys as obtained
analytically from a simple lattice model™". It turns out that index combinations.
U ead to. intra- and inter-valley exchange terms that scale linearly with |q],
while combinations. U*** yield intra-valley terms that have constant and quadratic
contributions. A similar discussion of electron-hole exchange in much detail
has been led by Qiu et al."” for monolayer MoS,, with the difference that they.
use a plane-wave description of Coulomb. interaction. In. monolayer WSe,, the
exchange-like matrix elements, if normalized to. a unit-cell area, amount to.0.39.eV.
for interaction between d__,and.d,._ . orbitals and to 0.19.€V. for. interaction.
among d,._ ., orbitals. These matrix elements are obtained. from combined density.
functional theory and GW. calculations as described above, where the momentum-
dependence is found to. be negligible. Moreover, we find that matrix elements
involving three different orbitals that would in principle additionally. contribute to
the above-mentioned effects are negligible with. respect to. the other ones.

Simplified model of electron-hole exchange. Equation (5). constitutes. a four-
particle Hamiltonian whose eigenstates describe biexcitons with vanishing total
momentum. The Hamiltonian can be split into a part without electron-hole
exchange H,, a part including nonlocal exchange H,; and a local-field part H,
according to the Coulomb. matrix elements V, U*#* and U** involved, see
equati(;r'rlT ]{r?). The four-particle configurations
T

{Beg " (0)), IBKK1. (0)), IBIL:.:“ (0)), IBL{.:‘T( - K)), IBILC‘:.”‘L (K)), IB:':.:.”'(O)) }
are eigenstates of H, with eigenenergies E. These configurations with carrier
spins as upper. indices are superpositions of four-particle states Bk« (q) given.
by the quasi-momenta —k, k+q, k' and —k’—.q as evident from equation. (5).
The configurations can also be seen as superpositions of two-exciton. states with
different exciton momenta. This is expressed by the lower configuration. indices
denoting the valleys where the excitons reside, while the dominant exciton
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momentum q is given in brackets. Electron-hole exchange introduces off-diagonal
matrix elements (B, H,+ H;; 1By =Uy+ Apg g Taking into account the electron
and hole spins in the basis configurations, we can determine those exchange
matrix elements that do not flip carrier spins and are thus non-zero. The matrix
elements U; and Ay are projections of the microscopic four-particle Hamiltonian.
into the configuration basis and therefore incorporate electron-hole exchange
between carriers with. all possible momenta according to. their. admixture in the.
respective biexciton state. Therefore, they are in. principle based on the material-
realistic Coulomb matrix elements obtained from first principles. Since we use the
configuration model only for a qualitative discussion, we do. not attempt to obtain.
explicit values for U; and A;;;. As a simplification, we assume that all non-zero.
exchange matrix elements have the same values U and A, , respectively. Then the
full Hamiltonian in. the subspace of bound biexcitons is given as a 6.X.6 matrix by

211110
100001
_ 100001
H_(E+2U)1+U100001
100001
011112
100000 (8)
010000
001000
2A
g 00000
000000
000001
=H,+H;;

Biexciton energies E without electron-hole exchange appear as diagonal entries.
together with twice the exchange matrix element U, as each biexciton state allows
for at least two. different exchange processes between like-spin electron-hole
pairs. The second matrix takes. care of all possible interaction processes between
the biexciton configurations and the final one accounts for. the local-field. shifts.

of those states that contain two like-spin excitons (see Fig. 2a), which excludes
configurations 4 and 5. To.obtain a clear picture, we diagonalize the matrix H,
without local-field contributions, which we include afterwards using perturbation.
theory. The eigenenergies of H, are given by E.={E, E+2U, E+.2U, E+.2U, E+4U,
E+6U} and the corresponding eigenstates |@)).arel / Je(1,-1,-1,-1,-1,1)7,
1/2(0,1,1,—1,—1,0)7,1 / 4/2(0,1,—1,0,0,0)",1 / 4/2(0,0,0,1,—1,0)",
1/42(1,0,0,0,0, —l)T. andl/ m()., 1,1,1,1,2)". The first-order energy.
correction to the lowest eigenenergy is (@ |H, J®,) = 4/34, ;.

Sample characterization. On. the basis of previous studies of similarly. prepared
samples™, we consider. that the sample is n-doped. The electronic structure of

the sample is characterized by exciting photoluminescence with a helium neon
laser (632.8nm), and measuring the differential absorption, using the output of

a titanium-sapphire laser. tuned across the A exciton and trion resonances of the
sample. In both cases, we obtain spectra with clearly pronounced inhomogeneously.
broadened signatures of the neutral exciton and the two overlapping trions. More.
details are given in. the Supplementary. Information.

Pump-probe experiment. The experiments. are carried out by splitting the output
of a titanium-sapphire laser. into a pump and a probe beam. The output pulses
have a spectral full-width at half-maximum (FWHM) of 15.nm. Their spectra are
shaped in two grating-based pulse-shapers using an amplitude mask to.a spectral
width of about 0.7 nm. FWHM, corresponding to.a duration of about 1.ps FWHM.
in time. The intensity of both beams is modulated by passing them through
acousto-optical modulators driven at about 3 MHz with. a difference of a. few.
kilohertz. Polarization control is carried out by linear polarizers. and subsequent
quarter-wave plates. The beams are overlapped spatially in a beamsplitter. cube and
focused on the sample by a 50X microscope objective with a numerical aperture of
0.42 to a spot size of 2 pm in diameter. Intensity-dependent studies are performed
to.ensure that the data taken at ~#10pW.are in the ¥ regime and to avoid excessive
heating. After passing through the sample, the pump part is filtered out by a
monochromator. The differential transmission is detected by a silicon detector.
coupled to.a lock-in amplifier. set to. the difference frequency. of the pump.and
probe modulations. Assuming no. purely. reflection-related resonances, this can be
directly correlated to. the negative differential absorption.

Bandgap. renormalization effects. From the fitting of experimental spectra,

in. most cases we extract a small exciton redshift below. 1. meV, which points to.
dominant biexcitonic effects on the line shift®. Line shifts caused by bandgap
renormalization effects, which are due to exchange interaction, are largely.
suppressed. in cross-polarized pump-probe spectra as the pump and probe pulses

address electronic states with opposite spin. In TMDC semiconductors, inter-valley.
scattering of excitons. due to electron-hole exchange may induce bandgap.
renormalizations in cross-polarized pump-probe on the picosecond timescale'”.
This effect is ruled out by taking differential absorption spectra at zero time delay.
Independent of their magnitude, none of the discussed renormalizations would
induce a splitting of lines, but influence only energetic. positions and linewidths.

Signatures of dark excitons. The conduction-band spin-orbit splitting in.
monolayer. WSe, facilitates the formation. of dark K-valley. excitons as well as
corresponding biexcitons. Spectrally, the dark excitons are located below: the.
trions® ~, while dark biexcitons are expected to.be found at even lower energies.
On the other hand, dark-bright biexcitons composed of one dark and one bright
exciton are expected to be spectrally located between excitons and trions. For. the
creation of these complexes, however, the relaxation of one bright exciton created
by. the pump. pulse into. a dark state is necessary, which requires either a spin. flip.
or.inter-valley scattering. The lower limit for the timescale of both processes is
set by. the observed decay of exciton polarization, in our case about 1.9.ps (see the.
discussion in the Supplementary. Information). Hence, at zero pump-probe delay.
time, the contribution of these processes can be expected to.be minor compared to.
the coherently created bright-bright complexes.

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