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SUPPLEMENTAL MATERIALS

In systems with strongly localized electron and hole wavefunctions, atom-local excitons can be realized. Atomic
multiplet transitions can have both excitonic and bi-excitonic characters [1]. These excitons are often refereed as the
Frenkel excitons. The ground state excitons realized in the CrXjs systems have strong Frenkel character and they
are essentially atomic multiplets of Cr®* ion [2]. For example, the 1.3 eV transition in CrBrz can be called an ideal
Frenkel exciton that emerges from several valence and conduction bands and electrons and holes from all & points
in the Brillouin zone take part in its formation (see Fig. S1). It is in that sense that in chemistry when we discuss
atomic multiplets, band gap is often not a relevant parameter of interest, since for an atomic transition involving
orbital characters that can spread over several bands, band gap does not remain a well defined quantity any more.
Hence, orbitals that are involved in an atomic excitonic transition becomes the key ingredient for discussion. This
fundamental assumption that considers that it is the atomic orbitals that determine the mutiplets lie at the heart of
ligand-field theory and molecular-orbital description of multiplet transitions in highly localized systems. For example,
in CrXs the ground state excitons can be described as multiplet transitions that involve to4 holes and e, electrons.
When this is visualized in the band basis it looks like the Fig. S1 and has also been discussed in detail in our previous
work on CrXs [2]. However for the higher energy excitonic transitions, the Frenkel character reduces and delocalized
(in real space) Wannier character enhances [3] and excitons become more localized in the band basis. When the band
edges take part in the exciton formation, the band gap becomes a more valid parameter for their description. It is in
that sense that in the non-magnetic semiconductors and TMDs, excitonic description strictly involves a discussion of
band gap and the binding energies for excitons with respect to the band gap. However, a ¢ = 0 exciton does not
necessarily involve the band edges at the high symmetry points and can be formed from different parts of the Brillouin
zone and from different combinations of valence and conduction states. Our analysis suggests that the 1.3 eV exciton
and its substructures have strong Frenkel character with strong analogy in a ligand-field theoretical framework that
should describe those transitions. While for the 1.8 eV transition, the extended states are delocalized enough that
they should be described within the Wannier-Mott framework that contains electron and hole excitations from the
band-edge. Before we analyze the excitonic substructures we study in detail the orbital characters of the valence and
conduction states. We see that the conduction band edge (see Fig. S2 and Fig. S3) is made of e, states with the
bottom most conduction state containing mostly d,2_,» character and the second (from bottom) conduction state

*

michal.baranowski@Qpwr.edu.pl
f Swagata.Acharya@nrel.gov
f paulina.plochocka@Incmi.cnrs. fr


mailto:michal.baranowski@pwr.edu.pl
mailto:Swagata.Acharya@nrel.gov
mailto:paulina.plochocka@lncmi.cnrs.fr

S2

1.3 eV Frenkel exciton in CrBr3 1.95 eV Wannier exciton in MoS.
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FIG. S1. Frenkel and Wannier excitons in 2D magnets and TMD: The excitonic wavefunction is projected on the
bands. The hole part (valence) and electron part (conduction) of the wavefunctions are shown in violet while the bands in black
don’t contribute to the exciton formation. In CrBrs the ground state exciton is at 1.3 eV and a host of valence and conduction
bands from the entire Brillouin zone take part in the exciton formation in strong contrast to the the 1.95 eV Wannier-Mott
exciton in MoSy where only the band edges from the K point contribute to the exciton wavefunction.
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FIG. S2. Orbital decomposition of the valence and conduction bands: We observe that the valence states are made
out of the tag orbitals, dszy, dy. with small contribution from d,.. The conduction edge is made out of the ey orbitals.
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FIG. S3. Orbitally projected density of states and the macroscopic dielectric response: CrBrS valence states are
made out of the ta, orbitals and the conduction states are made out of the ey orbitals. The strong a — b structural anisotropy
makes the d,, state drop out of the top valence band states and simultaneously a large optical anisotropy is observed. The low
energy excitonic manifold is dominated by response along 010 for the same reason. We plot the excitonic spectrum without
including any optical broadening in the calculations so that all transitions can be identified clearly.

containing the d,» orbital character. The valence on the other hand contains mostly to4-ds, and d,. character. In a
high symmetry crystal field, for example that of CrXs, dy. and d,, should have similar contributions to the valence
states, however, the large a — b anisotropy of CrBrS implies that the d,, contribution drops out from the top-most
valence states and they become more d,, like. This is in complete consistency with the observation that the optical
response of the system at low energies are mostly along the b-xis and not along the a-axis (see Fig. S3). Further, the
overall orbital symmetries of the valence and conduction states, with to, and e, states of same spin is exactly what
is expected for Cr3* configuration.

Armed with this knowledge we analyze the excitons in the band and orbital basis next. We observe that X, has two
substructures. For both the transitions the hole is primarily contained in the Cr-d,. orbital while it is the weakly split
two conduction states of d,» and d,2_,2 character respectively that lead to two excitonic transitions (see Fig. S4). In
strong contrast, the substructures around the Xg transition mostly emerges from the valence and conduction edges
(see Fig. S3) and have strong Wanner-Mott character. It is only natural that the holes are contained mostly in the d,,.
orbitals the electrons come from the d,» and d,2_,2 states as they are the dominant orbital characters of the valence
and conduction edges (see Fig. S2 and Fig. S3). Having said that, it should be noted that these Xp transitions only
have intersite character and should not be confused with large onsite dd character of the X, transitions. Further,
excitonic spectral weights can be observed at the valence band edge at the I" point for some of the Xg substructures
which has S-p character. In short, the origin of Xp substructures are significantly different from those of the Xj4.
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FIG. S4. Excitonic substructure in CrBrS: The spectral weight analysis for the excitonic substructure around the Xa
and Xp transitions are shown. The projection is raised to its second power to show the concentration of the spectral weight
on certain bands. The hole part (valence) and electron part (conduction) of the wavefunctions are shown in orange while the
bands in black don’t contribute to the exciton formation. There are two substructures to the X transition and both have large
onsite dd character. One transition involves a hole d, . state and an electron d, 2= state while the other transition involves a hole
dy- state and an electron d,2_,2 state. The substructures of Xg are primarily band edge transitions involving t24-e4 inter-site
transitions and dipolar S-p and Cr-d transitions with no onsite dd character.

Overall, the X4 and its substructures have strong Frenkel character the Xg and its substructures are more Wannier-
Mott like. Having said that the X4 is not as Frenkel like as the CrBrs 1.3 eV Frenkel exciton and Xp is not as
Wannier like as the MoSs 1.95 eV exciton. Also, the substructures of these X5 and Xg transitions do not correspond
to the Franck-Condon picture of molecular excitons which is often invoked in solid state systems with atomic multiplet
transitions. The Xp and it’s substructures don’t have any analogy with the Rydberg series either.



Cr onsite: 34.32%
Cr intersite: 36.16%
S onsite: 0.06%

S intersite: 0.34%
Br onsite: 0.14%
Br intersite: 0.33%
Cr=S+: 3.88%
Cr-Br+: 12.29%
Cr+S—: 8.14%
S-Br+: 1.28%
CrtBr—: 2.91%
S*Br—: 0.14%

Cr onsite: 0.74%
Cr intersite: 59.67%
S onsite: 0.00%

S intersite: 0.43%
Br onsite: 0.00%
Br intersite: 0.80%
Cr-S+:5.72%
CrBr+: 23.76%
Cr+S—: 4.73%
S-Br+: 1.84%
Cr*Br—: 2.07%
S*Br—: 0.20%

FIG. S5. The atomic and intra- and inter-site decompositions of the X and Xp transitions are shown in the FM phase.
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FIG. S6. Real space visualization of X5 and Xp in the AFM phase from different perspectives along x,y and z directions.

FIG. S7. Real space visualization of Xs and Xp in the FM phase from different perspectives along x,y and z
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FIG. S8. Shifts of the excitonic transition as a function of the magnetic field, measured at different temperatures for (a) Xa and
(b) Xg. For both transitions, saturation behaviour is observed in the high field limit; however, only for Xa the final redshift is
temperature independent.
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FIG. S9. Evolution of the reflectivity response, at 2K, as a function of the magnetic field in the energy range close to Xa and
(b) X transition. For both transitions, a gentle blueshift is visible.
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