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magnetic order.[7–20] Ferromagnetic layers 
host strongly correlated electronic states 
that give rise to diverse band structures 
including metallic, semiconducting, or 
insulating characteristics.[21–23] Among 
them, the chromium trihalides[24–40] (CrX3) 
display unique electronic properties pre-
dominantly driven by the Cr d-shell elec-
trons that simultaneously contribute to 
Cr–Cr ferromagnetic coupling, wide band 
gap, and strongly bound excitonic states. 
Consequently, the magnetization state 
of the CrX3 crystals is intimately related 
to their magneto-optical properties. Fer-
romagnetism-induced hysteretic optical 
signals were observed through photolu-
minescence[41] (PL), Kerr rotation,[42] or 
circular dichroism measurements. These 
results unveiled ferromagnetic coupling 
between the Cr spins within a monolayer 
plane with easy axis magnetization ori-
ented out-of-plane for CrBr3 and CrI3 and 
in-plane for CrCl3, thickness-dependent 
interplane ferromagnetic and antiferro-

magnetic coupling in CrI3 multilayers as well as light-mediated 
ferromagnetic response in doped transition metal dichalcoge-
nides.[43–45] Unfortunately, these optical methods have only been 
used as magnetization probes while the interplay between the 
magnetic state and the optical excitations remains unexplored. 

Ferromagnetism in van der Waals systems, preserved down to a monolayer 
limit, attracted attention to a class of materials with general composition 
CrX3 (X=I, Br, and Cl), which are treated now as canonical 2D ferromagnets. 
Their diverse magnetic properties, such as different easy axes or varying 
and controllable character of in-plane or interlayer ferromagnetic coupling, 
make them promising candidates for spintronic, photonic, optoelectronic, 
and other applications. Still, significantly different magneto-optical properties 
between the three materials have been presenting a challenging puzzle for 
researchers over the last few years. Herewith, it is demonstrated that despite 
similar structural and magnetic configurations, the coupling between excitons 
and magnetization is qualitatively different in CrBr3 and CrI3 films. Through a 
combination of the optical spin pumping experiments with the state-of-the-art 
theory describing bound excitonic states in the presence of magnetization, 
we concluded that the hole-magnetization coupling has the opposite sign in 
CrBr3 and CrI3 and also between the ground and excited exciton state. Conse-
quently, efficient spin pumping capabilities are demonstrated in CrBr3 driven 
by magnetization via spin-dependent absorption, and the different origins of 
the magnetic hysteresis in CrBr3 and CrI3 are unraveled.
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1. Introduction

The observation of ferromagnetism in van der Waals crys-
tals down to a monolayer limit[1–6] opened a new avenue for 
the exploration of the physics and the functionality of 2D  
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The incomplete understanding of the correlated exciton-mag-
netization states constitutes a bottleneck in further develop-
ments of the two-dimensional ferromagnetic structures and 
devices. An important aspect of such interplay is the ability 
to optically pump the electronic spins. In CrBr3 and CrI3 the 
easy-axis anisotropy enables out-of-plane magnetization direc-
tion, which in principle can favor particular spin alignments 
within the photo-excited excitonic population, leading to plau-
sible mechanisms of controlling the spin and/or magnetization 
properties of the material with light.

Herewith, we demonstrate that the excitonic spin physics 
is dramatically different between CrBr3 and CrI3. The light 
absorption related to resonant photo-creation of excited exciton 
states is strongly spin-dependent in CrBr3 in the presence of 
a saturated ferromagnetic state under circularly polarized sub-
bandgap excitation. An analogous experiment for CrI3 dem-
onstrates no significant sensitivity to the polarization state of 
the excitation photons. Furthermore, the substantial difference 
between the two ferromagnetic materials is reversed when 
observing the light emitted from the excitonic ground state – 
CrBr3 layers emit non-polarized light while CrI3 layers emit 
strongly polarized light. Contrasting excitonic spin physics in 
the presence of ferromagnetic order between CrI3 and CrBr3 
is non-trivial and requires a novel theoretical approach to 
describing the excitonic states in strongly correlated systems. 
To that end, we develop an atomically-, orbitally- and spin-
resolved higher-order electron-hole ladder vertex corrected 
quasi-particle self-consistent extension of GW,[46,47] called 
QSGŴ,[48] capturing the Frenkel, charge-transfer and Wannier–
Mott characteristics of the ground and excited excitonic states 
in CrBr3 and CrI3. The resulting opposite (anti-)ferromagnetic 
character of the coupling between the hole and the magnetiza-
tion in CrBr3 and CrI3 and between ground and excited exciton 
states within the same material was found to be consistent 
with the findings of the optical pumping experiments. The 
varying interactions between excitons and magnetization in the 
two seemingly similar van der Waals ferromagnets prove the  
qualitatively different origin of the magnetic hysteresis, open 
pathways towards perturbing the magnetization via optical 
methods and imply the existence of the spin glass state in CrI3 
layers due to less localized excitonic states in the presence of 
magnetic domain structure.

2. Results and Discussion

2.1. Molecular Excitons in CrBr3 and CrI3

We begin the analysis of the optical response of CrBr3 and CrI3 
at 1.6 K by inspecting the PL and quasi-absorption PL excitation 
(PLE) spectra of mechanically exfoliated bulk samples. Both 
materials feature an optical response dominated by broad emis-
sion and absorption bands as demonstrated in Figure 1a,b. These 
spectra are characteristic of molecular crystals, where excitons 
exhibit strong localization in real space down to the ultimate 
limit of individual atoms or molecules. Therefore, the effec-
tive mass approximation is not applicable. The exciton recom-
bination follows the rules of the molecular Franck–Condon  
model instead. The processes of light absorption/emission 

involve transitions between electronic levels with simulta-
neous creation/annihilation of phonons leading to the observa-
tion of phonon sidebands in absorption and emission spectra. 
These many-body processes give rise to long microsecond 
decay times illustrated in Figure  1c,d. It is worth noting that 
PL decay for CrI3 is much faster than for CrBr3 and has a 
qualitatively different dependence on time t. The decay tran-
sient for CrBr3 is monoexponential (see Figure  1c), while for 
CrI3 it is described by a stretched exponential function with 
sub-linear index t0.3 (see Figure  1d). Such stretched exponen-
tial relaxation is known for glasses (Kohlrausch exponent[49]), 
but in the context of excitonic recombination, it looks quite 
exotic. We preliminarily attribute the unusual recombination 
of excitons in CrI3 to the self-induced spin glass state in fer-
romagnetic thin films[50] in the presence of irregular magnetic 
domain structure[51] observed experimentally in CrI3. Beyond 
the discussed phonon sideband, the direct transition between 
the electronic states yields a zero-phonon line (ZPL), which 
we observe in CrBr3 as a narrow resonance with a linewidth of  
400 ± 100 µeV at 1.48 eV.

The spectra consist of numerous broad emission and absorp-
tion bands. The emission sidebands are centered at 1.2 eV for 
CrI3 and 1.3  eV for CrBr3. It does not follow, however, that 
the energy scales generating the excitons are similar. On the 
contrary, the GW calculations[52,53] demonstrate that the bulk 
single-particle band gap yields 3.8 eV for CrBr3 and 2.4 eV for 
CrI3 with the ground exciton binding energy of 2.5 eV for CrBr3 
and 1.2 eV for CrI3. Our calculations of the excitonic wave func-
tion in CrBr3 and CrI3 (Figure  1e,f) indicate that the ground 
excitonic state exhibits strong Frenkel and charge-transfer char-
acteristics. That signifies that the excitonic excitation occurs vir-
tually within CrX3 molecule. Multiple valence and conduction 
bands contribute to the ground excitonic states,[53] which are 
made mostly of d-orbitals of chromium atom: eg for the conduc-
tion band and t2g for the valence band. The minority contribu-
tion originates from the p-states or the halide atom (Br or I). 
Therefore, it is tempting to write the excitonic wave function as:

, / ,X Cr d Br I pψ αψ βψ= + � (1)

where ψX is the Frenkel exciton wave function, ψCr, d represents 
the majority contribution from chromium d-orbitals and ψBr/I, p  
represents the minority contribution from halogen p-orbitals. 
ψCr,d is a dark exciton as the d-d type of transition between eg 
and t2g states is forbidden by the symmetry of the participating 
states (Laporte rule as seen in Figure  1g). Therefore, CrX3 
materials can be considered fundamentally dark. The observ-
able PL arises due to the brightening of dark excitons. Based 
on the composition of the excitonic wave function in combina-
tion with the comparative analysis of PL and PLE spectra we 
identify two brightening mechanisms: 1) admixtures of bright 
p-type orbitals of the halide atoms into the excitonic wave func-
tion which gives rise to the ZPL[54,55] and 2) recombination/
creation of dark ψCr,d state through many-body processes with 
the emission/absorption of phonons. The latter processes give 
rise to broad emission/absorption bands at the lower/higher 
energy side of the ZPL as highlighted in Figure  1a. Within 
the molecular picture according to the Franck-Condon model 
(Figure  1h), CrX3 materials are characterized by an extremely 
small Debye-Waller factor (6.5 × 10−5 for CrBr3) equivalent to 
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a Huang–Rhys factor of 9.6.[56] These figures  of merit indi-
cate that the dominant radiative recombination channel for 
the ground excitonic state in CrBr3 involves phonon-assisted 
recombination of dark ψCr, d state.

2.2. Optical Spin Pumping in CrBr3 and CrI3.

Inspection of the PL intensity associated with the phonon 
sidebands in CrBr3 and CrI3 resolved by circular polariza-
tion in a magnetic field demonstrates a hysteresis indicative 
of the intrinsic ferromagnetic order. We introduce circu-
larly polarized excitation in a resonant sub-bandgap regime 
based on the PLE data with the laser energy tuned to 1.6  eV 
for CrBr3 and 2.4  eV for CrI3. Monitoring the PL intensity 

in the four possible co- and cross-polarized excitation/detec-
tion scenarios in both directions of the varying magnetic field 
unveils striking differences between CrBr3 and CrI3 as seen in 
Figure 2a–d. The CrBr3 exhibit a sharp hysteresis with a coer-
cive field of 235 ± 10 mT characteristic of in-plane and inter-
layer ferromagnetic coupling. The hysteresis observed for CrI3 
is more complex, displaying multiple magnetization steps and 
higher field hysteresis loops up to about 2 T. These additional 
features have been attributed to the coexistence of antiferro-
magnetic and ferromagnetic interlayer coupling, which were 
found to be dependent on stacking types and/or rotational 
alignment.[57–61]

Beyond the characteristics of the magnetic order, further 
differences arise from the spin properties of the photo-created 
excitons. In the saturated bulk ferromagnetic state, the light 

Adv. Mater. 2023, 35, 2209513

Figure 1.  The PL (blue curves) and PL excitation (red curves) spectra were measured at 1.6 K for a) CrBr3 and b) CrI3 exfoliated bulk films encapsulated in 
hBN layers. The PL decay times were measured in the same conditions under picosecond laser excitation by spectrally integrating the circularly polarized 
PL intensity over the entire emission bands for c) CrBr3 and d) CrI3 . The PL transient for CrBr3 was fitted with a monoexponential decay I(t) = Aexp  − t/τ  
with τ = 4.3 ± 0.4 µs. The PL transient for CrI3 was fitted with a stretched exponential decay I(t) = Aexp (− t/τ)n with τ = 6.9 ± 0.6 ns, n = 0.30 ± 0.02.  
The ground state excitonic wave functions were calculated in the framework of QSGŴ theory for e) CrBr3 and f) CrI3. The probability density, from low to 
high, is represented by isosurfaces in colors blue to red (for details see Appendix, Supporting Information). In a simple picture, the excitonic excitation 
occurs mostly within the CrX3 molecule with the dominant recombination channel related to the transition between t2g and eg states of the Cr d-orbitals 
as schematically illustrated in g). Consequently, the low energy optical response of CrX3 materials follows a molecular Franck-Condon model h), where 
the transition between the electronic states is accompanied by the emission and absorption of optical phonons.
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emitted by CrBr3 exhibits negligible circular polarization degree 
(Figure 2a). That signifies that an equal number of σ+ and σ− 
active excitons occupy the ground exciton level independently 
of the magnetization state. Due to the low temperature of the 
sample (1.6  K), an equal population entails energetic degen-
eracy of the excitons active in the opposite circular polariza-
tions. The absence of the coupling between the excitonic spin 
and the magnetization is unlikely due to the observation of 
the hysteresis. Therefore, the degeneracy of the excitonic state 
must originate from the compensation of the exchange cou-
pling between the charge carriers and the magnetic moment of 
the Cr atom contributing to the magnetization, e.g., an electron 
is coupled ferromagnetically with the magnetization and the 
hole is coupled antiferromagnetically with the magnetization 
through interaction with comparable strength (exchange con-
stant). Such interpretation is also consistent with the vanishing 
g-factor of the ZPL as demonstrated in Appendix  in Figure S5 
(Supporting Information). On the contrary, CrI3 films exhibit a 
significant (up to 37%) polarization degree of the emitted light 
in the saturated state of the magnetization as seen in Figure 2b. 
In such a case, the large polarization degree, despite the plau-
sible spin-flip events mediated through optical phonons, 
implies an energy splitting of the ground excitonic state. For 
the magnetization-induced exciton splitting to occur, the elec-
tron and hole interaction with the magnetic moment of the 
chromium atom needs to be of the same character (e.g., both 
ferromagnetic) or they need to differ in strength so that one 
dominates over another.

The differences in the excitonic spin physics between 
CrBr3 and CrI3 are not limited to the polarization proper-
ties of the emitted light. For a fixed circular polarization of 
detected light (σ+ in Figure  2c), inspecting the PL intensity 
from CrBr3 layers under circularly polarized excitation in 
co- and cross-polarized configurations reveals a polarization 
degree of the emitted light up to 21%. This observation indi-
cates that the absorption strength related to the resonant crea-
tion of an excited exciton state in CrBr3 is spin-dependent. 
An analogous experiment in CrI3 demonstrates negligible 
polarization degree of the emitted light implying that the 
absorption strength is not spin-dependent. The general view, 
which arises from the polarization-resolved magneto-PL 
experiments for CrBr3 and CrI3, is that the coupling between 
photo-excited charge carriers is material-dependent and 
varies between the ground and the excited excitonic states. 
The ground exciton state in CrBr3 is coupled to magnetization 
qualitatively akin to the excited exciton state in CrI3 and vice 
versa. Additional measurements performed on a single layer 
of CrBr3 revealed the excitonic spin pumping is universal 
across various thicknesses, as summarized in Appendix  in 
Section S4 (Supporting Information). We interpret this obser-
vation by considering the excitonic splitting due to electron-
Cr and hole-Cr exchange interactions as pictorially dem-
onstrated in Figure  2e,f. We now proceed to the discussion 
about the origin of the distinct coupling between the excitonic 
spin with the magnetization in terms of the quasi-particle 
self-consistent QSGŴ theory.

Adv. Mater. 2023, 35, 2209513

Figure 2.  The magneto-photolPL) intensity of the phonon sideband was measured under the circularly polarized laser excitation (σ+/−) and the emitted 
light was resolved by circular polarization (σ+/−). The magnetic field was applied out-of-plane of the CrX3 layers and the hysteretic features were observed 
by sweeping the magnetic field in both directions. In such conditions, the spin properties of the ground exciton state were studied by monitoring the 
magneto-PL intensity under fixed excitation (σ+) and varied detection (σ+ or σ−) for a) CrBr3 and b) CrI3. The spin properties of the excited exciton state 
were studied by monitoring the magneto-PL intensity under varied excitation (σ+ or σ−) and fixed detection (σ+) for c) CrBr3 and d) CrI3 . The observed 
differences in the polarization degree of emitted or absorbed light in both materials are interpreted in terms of the excitonic spin splitting due to the 
e-Cr and h-Cr exchange coupling for the ground and the excited exciton states as pictorially represented for e) CrBr3 and f) CrI3.
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2.3. Atomically-, Orbitally-, and Spin-Resolved Excitonic  
Band Structure in CrBr3 and CrI3.

We firstly focus on the excitonic ground state in CrBr3 and 
CrI3. In many excitonic systems with charge carriers describ-
able within the effective mass approximation, the atomic locali-
zation of one of the carriers is assumed based on its physical 
properties (e.g., larger effective mass) to calculate the range of 
the exciton wave function. In CrBr3 and CrI3, the ground state 
excitons are localized to a degree that they are not sensitive to 
the periodicity of the lattice. As such, the contributions to the 
excitonic ground state wave functions originate from the entire 
Brillouin zone and multiple sub-bands rather than from the 
band edges at the specific points of the reciprocal lattice.[53] As 
such, there is no clear physical distinction between the electron 
and hole states that would favor the localization of any type of 
carrier. Therefore, we calculated the atomically-resolved ground 
excitonic wave functions for CrBr3 and CrI3 in a general case 
as demonstrated in Figure 3a,b. We found that in both mate-
rials there are two major contributions: the Frenkel-type exci-
tation when both the electron and the hole are located on the 
same Cr atom and the charge-transfer-type excitation when the 
electron and the hole occupy two different atoms. The latter  
contribution includes cases when the electron and the hole 
are distributed between the Cr atom and the halide atom or 
between two Cr atoms (within two neighboring molecules). 
A very minor contribution originates also from Frenkel-type 
intra-halide states. Although CrBr3 and CrI3 exhibit qualita-
tively similar compositions of the excitonic ground state, CrBr3 
is characterized by the larger Frenkel component implying 
stronger localization of the excitonic wave function, as expected 
from larger excitonic binding energy. The detailed differ-
ences between the excitonic ground state for CrBr3 and CrI3 
bulk films, including an orbital resolution at individual atom 
sites, are summarized in Appendix  in Figure  S11 (Supporting 
Information).

Given the intra- and inter-atomic localization of the ground 
exciton state, the orbitally-resolved density of states (DOS) 
directly (Figure 3c,d) explains the varying character of the exci-
tonic coupling with magnetization as demonstrated experimen-
tally. Firstly, we note that in the energy range of the conduc-
tion bands in CrBr3 and CrI3 the Cr d-orbitals constitute the 
dominant contribution to the DOS. Therefore, independently of 
the excitonic localization, the e-Cr interaction will have a fer-
romagnetic character. The qualitative difference arises from the 

composition of the valence band. In CrBr3, the valence band 
is dominantly formed of the Cr d-orbitals up to about 1  eV 
away from the valence band edge. At that energy, the composi-
tion abruptly changes, so that the higher energy bands consist 
almost exclusively of Br p-orbitals characterized by the oppo-
site spin with respect to the Cr atom. Consequently, the highly 
localized Frenkel character of the ground state exciton in CrBr3 
will impose summation over multiple valence bands, leading to 
the antiferromagnetic character of the h-Cr interaction. In CrI3, 
the Cr and I contribution to the valence band is comparable 
up to about 1.5 eV away from the valence band edge. Also, the 
ground state exciton is less localized in CrI3 than in CrBr3, so 
the sub-bands closer to the band edge will contribute to its wave 
function. Consequently, the h-Cr interaction in the ground 
exciton state will likely be small due to the competition between 
the ferromagnetic coupling from Cr d-orbitals and antiferro-
magnetic coupling from I p-orbitals, leaning closer towards the 
ferromagnetic character.

The excited excitonic states partially recover the Wannier–
Mott character, so that the exciton derives more from the 
states near the valence band maximum and conduction band 
minimum than the ground state case. Our calculations dem-
onstrate that the valence band edge in CrBr3 is mainly com-
prised of Cr d-orbitals implying ferromagnetic h-Cr coupling 
in the excited excitonic state while the valence band edge in 
CrI3 consists predominantly of the halide p-orbitals, implying 
antiferromagnetic h-Cr coupling. Overall, the character of the 
interactions between the carriers and magnetization deduced 
from the optical pumping experiments in combination with 
QSGŴ description of the excitonic states is summarized in 
Table 1. We note that previous theoretical works[62,63] captured 
the flip in the sign of the coupling between electrons/holes 
and the magnetic moment on Cr, between CrBr3 and CrI3 and 
between the ground and excited states. However, our combined 

Adv. Mater. 2023, 35, 2209513

Figure 3.  The calculations of the excitonic ground state via QSGŴ reveal the atomic contribution of electrons and holes separately. Their contributions 
are presented in form of a pie chart for a) CrBr3 and b) CrI3. They include Frenkel intra-Cr and intra-halide states and charge-transfer Cr-halide and Cr-Cr 
(intermolecular) states. The atom- and spin-resolved density of states is shown for bulk c) CrBr3 and d) CrI3.

Table 1.  The summary of the character of the coupling between elec-
trons/holes and the magnetic moment of the Cr atom for CrBr3 and 
CrI3 in the ground and excited state. FM stands for ferromagnetic, AFM 
stands for antiferromagnetic.

Ground excitonic state Excited excitonic state

Cr-electron Cr-hole Cr-electron Cr-hole

CrBr3 FM AFM FM FM

CrI3 FM FM (small exchange constant) FM AFM
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experimental and theoretical approaches come to a somewhat 
different conclusion related to the sign of the e-Cr coupling. 
This can be traced to the effect of quasiparticle self-consist-
ency, which modifies the charge density[64] relative to the LDA  
(or LDA+U). Self-consistency gives rise to an important change 
in the lowest unoccupied eigenstates, causing the lowest con-
duction bands to take predominately Cr character (see DOS in 
Figure 3c,d). The electron component of the exciton is, in the 
QSGW case, always aligned with the majority spin. The QSGW 
result is not biased by the LDA starting point as is the case with 
single-shot GW calculations.

Our findings have several consequences for the investigation 
of magnetism through optical methods. Firstly, the hysteretic 
signals observed in the PL experiments have a different origin 
in CrBr3 and CrI3 as illustrated in Figure 4a–f. In CrBr3 the hys-
teresis is witnessed exclusively through the modulation of the 
absorption strength. In CrI3 the hysteresis appears via the mod-
ulation of the polarization degree of the emitted light through 
a thermally populated ground state. However, the higher field 
loops (e.g., those around 2  T) are seen in the total emission 
intensity (i.e., intensity summed over all four possible co- and 
cross-polarized configurations). That indicates the presence of a 
non-radiative process, which is mostly responsible for probing 

the antiferromagnetic interlayer coupling. These mechanisms 
are summarized in Table 2.

3. Conclusion

In summary, we have demonstrated that the type of ferromag-
netic coupling between the excitonic spin and magnetization 
determines the spin physics in CrX3 materials. The excitonic 
spins can be pumped in CrBr3 through a spin-dependent 
absorption process due to e-Cr and h-Cr ferromagnetic coupling 

Adv. Mater. 2023, 35, 2209513

Figure 4.  The origin of the hysteresis in the magneto-PL experiments. The polarization degree of the emitted light, defined as ( )/( )I I I I− +σ σ σ σ+ − + −  
under fixed excitation was monitored as a function of a magnetic field in both sweeping directions for a) CrBr3 and b) CrI3 . Only in CrI3 the hysteresis 
is observable in such experiments. Similarly, the polarisation degree of absorbed light for σ+ fixed detection was monitored as a function of a magnetic 
field in both sweeping directions for c) CrBr3 and d) CrI3 . In such a configuration, the hysteresis appears only in CrBr3. When monitoring the total PL 
intensity, defined as total exc ,det,,

I I
ji

i j∑∑= σ σ=+ −=+ −
 for e) CrBr3 and f) CrI3 , the higher field hysteretic features appear in CrI3 that are attributed to the 

breaking of interlayer antiferromagnetic coupling.

Table 2.  The mechanism of the observation of the magnetization-related 
hysteretic features in magneto-PL experiments based on the optical 
pumping experiments and the composition of the excitonic states based 
on QSGŴ theory.

Mechanism of hysteresis observation

Exciton population 
on emitting state

Modulation of  
absorption strength

Spin-dependent non-radiative 
process

CrBr3 ✗ ✓ ✗

CrI3 ✓ ✗ ✓
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in the exited sub-band-gap state. Such process does not occur 
in CrI3, as the h-Cr becomes antiferromagnetic in the excited 
exciton state as a result of the recovered Wannier–Mott char-
acter. The unique interplay between excitons and magnetiza-
tion furthers the understanding of strongly correlated systems 
and constitutes a foundation for spintronics applications in van 
der Waals systems controlled by light.
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