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The optical properties of the layered magnet CrSBr are dominated by intralayer excitons: the anti-
ferromagnetic order between the layers makes layer-to-layer charge hopping, and therefore interlayer
excitons, spin-forbidden. An external magnetic field, however, continuously drives the magnetic or-
der towards layer-to-layer ferromagnetic, which opens spin-allowed charge-transfer channels between
the layers. Here we elaborate how their admixture changes the composition and nature of the exci-
tons, leading to an extension over many layers, and causes a quadratic red-shift with respect to the
external magnetic field. We address these effects by ab-initio GW -BSE calculations as a function
of magnetic field and cast the data into a minimal four-band model to elucidate the interplay be-
tween the various interaction and coupling mechanisms. Our findings should be generally valid for
antiferromagnetic layered magnets with and without external magnetic fields, and moreover for any
couple of layers with different spin directions. Our insights help to systematically address excitons
and predict their optical signatures in such systems.

INTRODUCTION.

Manipulating material properties via external stimuli
like screening, moiré traps, or magnetism is a key fo-
cus in basic research due to its easy tunability of opto-
electronics [1–4]. The influence of magnetism, particu-
larly in 2D magnets like CrI3 and CrSBr, offers a prac-
tical way to control their quantum states [5–7]. In
van der Waals (vdW) layered crystals, such as easily
exfoliatable semiconductors that form moiré patterns of
two-dimensional (2D) stacked heterostructures [2, 8–
10] or magnetically controlled valley excitons [11, 12],
understanding interlayer coupling mechanisms is crucial
for further development of the intricate field of inte-
grated systems with a variety of applications in ultra-
compact information technology [13] or even synaptic
devices [14]. Recent work by Wilson et al. [15] revealed
a magnetic control mechanism for excitons in antiferro-
magnetic (AFM) bilayer CrSBr, where the magnetiza-
tion direction affects exciton energies and wavefunctions.
CrSBr, with its semiconducting electronics, large crystal
anisotropy, and vdW coupled AFM stacked layers, ex-
hibits intriguing phenomena, especially air-stability, high
Nèel- and Curie-temperatures of 132K and 160K, re-
spectively, or 1D electronics and optics [16–19] and is
a perfect playground for experiments on magnetism and
correlated phenomena in two or three dimensions. When
the magnetic moments are rotated from an AFM cou-
pling in-plane to a FM coupling parallel to the external
magnetic field, the lowest exciton in experiments exhibit
a quadratic redshift and its wavefunction gains signif-
icant charge transfer (CT) [15, 20]. Such a quadratic
response is in sharp contrast to the linear g-factors due
to the Zeeman shift in common materials [21–25]. This
provides a manageable technique to control excitons in
future devices and even switch them to CT excitons with

an out-of-plane dipole. Our experimental and first prin-
ciples GW -BSE data match very well, and we are able
to develop a general model offering deep insights into the
magnetic phase dependent physics involved. The influ-
ence of the external magnetic field on CrSBr is expressed
well in our model and we can reproduce and quantify the
redshift of exciton energies and increasing CT character.
Despite its simplicity, the proposed model is generally ap-
plicable to coupled 2D magnets. Additionally, our stud-
ies unveil that a symmetry forbidden, dark exciton is the
lowest in energy at finite external magnetic fields. These
findings not only enhance our understanding of analo-
gous systems but also open avenues for applications with
precise control over switching mechanisms.

RESULTS.

We study a multilayer of CrSBr evolving from the lay-
ered in-plane AFM order into an external field induced
out-of-plane FM order. In Fig. 1 (a)-(d) the crystal and
magnetic structure of AFM and FM CrSBr is sketched.
Each layer consists of two inner planes of alternating
chromium and sulfur atoms embedded in two layers of
out-stacking bromine atoms. The magnetic moments of
3.3 µB from theory are hosted at each chromium atom
and align ferromagnetically along the crystal easy axis
b. A triaxial, anisotropic behavior with hard, middle
and easy magnetization axis along c, a, and b, respec-
tively [26] leads to large magnetic, electronic and optical
anisotropy, one-dimensional electronics and cigar-like 1D
excitons with large binding energy even in bulk mate-
rial [17]. Vertically, the monolayers are arranged in AFM
A-stacking. Due to the magnetic order, only the com-
bination of time-reversal and inversion symmetry is pre-
served in the AFMmultilayer leading to the Pmmn(D2h)
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FIG. 1. Exciton energy shift in external magnetic field. a-c Crystal structure of CrSBr from different viewpoints
with arrows denoting the intrinsic magnetization direction. Here, we only show two layers as cutout of the multilayer being
a periodic repetition of this scheme. d Magnetic order of the van der Waals coupled layers in the in-plane antiferromagnetic
(AFM) state as well as in the out-of-plane ferromagnetic (FM) state with arrows that give the magnetization direction which
is uniquely defined by the angle ϕ of magnetic moments to the vertical direction. e Photoluminescence (PL) spectra of CrSBr
with PL signal depending on the external magnetic field strength (Bext). The lowest state from PL that can be attributed
to an exciton is marked by the dashed white line, while the broad PL intensity below this state might originate from other
excitations like polaritons. The magnetic state at three different Bext is shown as small insets. The blue dots show our exciton
energies from ab-initio GW -BSE calculations and the blue line denotes our minimal model, both shifted to the experimental
data for comparison. f Calculated energies of the lowest two excitons X1, X

D
1 and the predominant charge-transfer state X2,X

D
2

as a function of the external magnetic field.

space group.

An external magnetic field perpendicular to the lay-
ers changes the magnetization continuously from AFM
into FM order (see Fig. 1 (d)). For complete rotation
from in-plane AFM (along b) to FM (along c), the ex-
ternal field has to overcome the magnetic anisotropy and
AFM coupling energy. A clear signature of this changed
spin arrangement is given by our photoluminescence (PL)
data at low temperature (4K) in Fig. 1 (e), in which we
observe a quadratic redshift of the lowest exciton marked
by the dashed black line starting at 1.362 eV (AFM) pro-
ceeding to 1.347 eV (FM). Note that the broad PL in-
tensity at lower energies may not be attributed to exci-
tons and originates most likely from self-hybridized po-
laritons [27, 28] or similar, and is therefore not of interest
in the scope of this work.

The key issue of our present work is to understand the
relationship between external magnetic field, rotation of
the magnetic moments, and its effect on the excitons.
To this end, we first calculate the electronic and exci-
tonic states from first principles (GW -BSE calculations
in Fig. 1 (f) (dots)) at various intermediate tilting angles
ϕ (see Fig. 1 (d) for the definition of ϕ) and then condense
the findings and mechanisms into a minimal model. Each
angle ϕ of magnetic moments is attributed to the strength
of the external magnetic field between 0T (AFM) up
to the saturation magnetization of about 2T (FM). The
field B gradually forces the moments to align parallel to
it (|| c) and tilts moments of adjacent layers parallel to

each other. The magnetization direction in CrSBr is de-
termined by a minimum in total magnetic energy for a
given external field. This is given by three terms: the
antiferromagnetic exchange coupling of adjacent layers
EJ , the crystal anisotropy energy EA, and the Zeeman
energy EZ that prefers moments parallel aligned to the
external field (for details see Supplementary Information
(SI) [29]). Minimization with respect to the external
magnetic field B yields that the tilting angle ϕ is given
by cos(ϕ) = B/Bsat. At and beyond the saturation field
strength Bsat, ferromagnetic order (ϕ = 0◦) is achieved.
Our PL data of Fig. 1 (e) show that Bsat ≈ 2.0 T. For
B < Bsat neighboring layers exhibit alternating orienta-
tion of their magnetic moments (L =̂+ϕ; L±1 =̂−ϕ, see
Fig. 1 (d).) In the AFM state (ϕ = ±90◦) CrSBr con-
sists of two alternating layer types, L with moments of
the majority spin channel along +b and L+1 along −b.
For our discussions only the character of states close to
the electronic gap, which are determined by the majority
spin channel, are relevant (states of the minority channel
are more than 1 eV away from the gap). Moreover, for
these states of interest a very small spin orbit coupling
(SOC) is found, so that the AFM crystal has entirely de-
coupled layers with electrons on neighboring layers quasi
orthogonal in their spin direction.

Our calculations find two lowest-energy excitons at
about 1.3 eV. In the AFM case (ϕ = 90◦) the perfect
orthogonality between the spin channels of neighboring
layers causes perfect intralayer nature (i.e., electron and
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FIG. 2. Influence of magnetic state on the electronic structure. In a we show the scheme of the AFM ordered multilayer
with arrows giving the magnetization direction of each layer. The sketch in b of the important valence and conduction bands
(|vL,L+1⟩ , |cL,L+1⟩) of layer L/+1 shows the possible excitonic transitions (blue arrows) in this magnetic state. Only intralayer
states (X1) are optically allowed while charge transfer is spin-forbidden (X2) The same magnetic layer scheme is shown for the
FM state in c with splitted energy states in d (VBM/-1, CBM/+1), here, all in the same spin state (green arrows) aligned
parallel to the external field (black arrow) vertical to the monolayer plane. The resulting bands (d) are now linear combinations
due to the coupling of all layers (see |v±⟩ |c±⟩), and the sign in the middle refers to the solutions of our model. The excitons are
combined transitions from all layers, so intralayer and charge transfer types are mixed although X1/X

D
1 are still predominantly

intralayer excitons. While the lowest transition from the VBM to the CBM is symmetry forbidden, the transition into the
CBM+1 is allowed and optically excitable. e shows the electronic bandstructure from ab initio GW of multilayer CrSBr in
the AFM state around Γ. Each band is twice degenerate due to the antiferromagnetic order of the layers. The inset shows
the 2D part of the Brillouin zone, where the reciprocal direction Γ-Y corresponds to the real space crystal axis b. In g the
GW bandstructure of the FM order with colors denoting the spin polarization of each electronic state is shown. Here, all spins
are aligned with the external magnetic field and all states split into non-degenerate bands. In between the AFM and the FM
bandstructure we depict in f the energy developement of all states from VBM-1 to CBM+3 at Γ for an increasing magnetic
field and show the linearly increasing splitting.

hole reside on the same layer) and degeneracy of the two
excitons (at 1.324 eV). Through the external field and the
gradually parallel spin alignment the spin orthogonality
is lost and coupling of layers becomes possible. With in-
creasing B the two excitons split into a bright upper state
X1 and an optically forbidden, dark lower state XD

1 (blue
dots and lines in Fig. 1 (f)). They are shifted quadrati-
cally down in energy, finally reaching 1.267 eV (XD

1 ) and
1.309 eV (X1) in FM order at saturation field strength.
The state X1 is clearly observed in the measured PL data
of Fig. 1 (e), with the same energy downshift of 15 meV
from AFM to FM. Here, our ab intio data for the red-
shift agree perfectly with the experiment which is even
at quantitative level suprisingly good. The energetically
lower, dark XD

1 with a larger calculated redshift (57meV)
is not observed in the PL data. We aim to understand

and model the detailed physical mechanisms that control
all effects resulting from the tuned interaction of layers.
To keep this model as simple as possible we will consider
only transitions between the two highest valence and two
lowest conduction bands.

Electronic properties and linear shift.

To understand the influence of the magnetization di-
rection on the excitons, we have to look firstly at the
single-particle physics of the electrons and holes from
which the excitons are formed. Fig. 2 shows the depen-
dence of the electronic states from GW on the magnetic
field for the two extreme cases AFM (e), FM (g) and
the explicit dependence on the field strength (f). For
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our exciton analysis only the two highest valence and
two lowest conduction bands are relevant. The AFM
order (Fig. 2 (e)) has a direct band gap of 1.52 eV at Γ
with nearly dispersionless bands along Γ-X resulting from
crystal anisotropy as presented before [17]. Each line de-
notes two spin-degenerate states, with each state about
99% polarized along +b/−b. As mentioned, due to the
very small SOC, all of these states stem from the major-
ity spin channel of the two layer types. In AFM order,
the electron wavefunctions of adjacent layers are spin-
orthogonal and the electrons cannot tunnel to neighbor-
ing layers. At finite B the moments are tilted (ϕ < 90◦),
and the spin states get a component ∼ cos(ϕ) ∼ B along

B⃗, i.e. perpendicular to the layers (for details see SI).
This causes interlayer interaction and splitting of the for-
merly degenerate states, proportional to B. Fig. 2 (f)
shows our calculated energy shifts at Γ. For full FM or-
der (at and beyond B = 2 T) we find splittings of 256
and 115meV for VBM/VBM−1 and CBM/CBM+1, re-
spectively. In the saturated FM configuration all bands
are spin polarized vertically to the layers, the direct gap
reduces to 1.34 eV at Γ and dispersions along Γ-X are
enhanced (Fig. 2 (g)).

A simple model allows to describe the influence of the
layer coupling on the electrons and thus reproduces our
GW results. We introduce a coupling Hamiltonian in
the electronic basis states on layer L and L+1 (see Fig. 2
(b)). The coupling strength is proportional to the paral-
lel aligned spin component cos(ϕ) (i.e. ∼ B , for details
see SI) while the proportionality constant is given by the
finite overlap of the spatial wavefunctions. For each pair
of degenerate bands this leads to a 2×2 coupling Hamil-
tonian

Hel
k (B) =

(
Enk tnkB
tnkB Enk

)
(↔ |nL k⟩)
(↔ |nL+1k⟩)

. (1)

From the bandstructure (Fig. 2 (g)) we find that all
quantities are k dependent. Here, Enk is the degener-
ate eigenenergy of state |nk⟩ in the AFM order and tnk
is the coupling strength or tunneling parameter of a par-
ticle between L and L+1. The diagonalization leads to
eigenenergies Enk,± = Enk ± tnkB and wavefunctions
which are the corresponding positive and negative linear
combinations of bands from each single layer, denoted in
Fig. 2 (d) e.g. |v±⟩ (details see SI). From the linear fit
of our ab initio data at Γ in Fig. 2 (f) we get the param-
eters tnk of the VBM tv,Γ = 64meV/T and the CBM
tc,Γ = 29meV/T for a hole/electron at Γ, respectively.

Optical properties and quadratic shift.

Having understood the coupling of electronic states,
we get back to the behavior of excitons in Figs. 1 (e) and
(f). In the absence of interlayer coupling (AFM) the first
degenerate exciton pair is at 1.324 eV. We can describe
these states in two different ways. Either we explain them
as transitions of an electron from the VBM to the CBM

on each layer, L or L+1 seperately (Fig. 2 (b)), or we use
the combined basis of |v±⟩ and |c±⟩ (see Fig. 2 (d) with
zero splitting), which is convenient for B > 0 but also for
B = 0T. Four transitions |v+c+⟩, |v−c−⟩, |v+c−⟩, and
|v+c−⟩) are possible between these states. Due to the
symmetry of the system (i.e. PT [17] the first two and
last two transitions do not mix (see SI). Here, we focus on
|v+c+⟩ and |v−c−⟩ which results in a 2× 2 Hamiltonian
for the bright excitons. The other two transitions can be
treated analogously.

HBSE =(
Eg + te+hB + Veh ∆Veh

∆Veh Eg − te+hB + Veh

)
(↔ |v+ c+⟩)
(↔ |v− c−⟩)

(2)

Neglecting the electron-hole interaction Veh and ∆Veh
the diagonal would describe uncorrelated interband tran-
sitions between the bands, i.e. the gap energy Eg and its
shift by the combined tunneling parameters of electron
and hole te+h = th + te. The electron-hole interaction
Veh = (VIN + VCT)/2 enters on the diagonal, while the
off-diagonal is given by the difference of intralayer (VIN)
and interlayer (VCT) interaction ∆Veh = (VIN − VCT)/2
for electron and hole on the same (IN) and different
layers (CT), respectively. We underline that only the
energy splitting of the bands changes with B, whereas
the electron-hole interaction is constant. Nevertheless,
its effect on the excitonic states varies with B and re-
sults in changes of the exciton energy and its charac-
ter as we show in our analysis of states below. From
the previous considerations in Eq. (1) on the basis of
ab-initio GW we use th = −0.064 eV/T cos(kzc)δkz ,k′

z

and te = 0.029 eV/T cos(kzc)δkz ,k′
z

including the kz-
dependence of Nkz points in the crystal c direction, with
Nkz being the number of kz grid points in that direction
to be employed in the BSE calculation for the excitons.
From our ab-initio BSE we find VIN = −0.350 eV/Nkz

and V CT = −0.141 cos((kz − k′z)c) eV/Nkz
.

The diagonalization of Eq. (2) yields the dominant
behavior ∼ B2 of the exciton energies and mixes the
corresponding transitions |v+c+⟩ and |v−c−⟩ to X1,2.
From our ab initio data we find X2 at 1.533 eV in the
AFM state shifting to 1.401 eV in the FM state (see
Fig. 1 (f)). For the symmetry forbidden, dark transitions
(|v+c−⟩,|v+c−⟩) the Hamiltonian HBSE

D looks similar to
Eq. (2) with one important distinction: Instead of te+h

the difference of tunneling te+h,D = th − te enters. The
corresponding excitons XD

1 and XD
2 are lower in energy

compared to their bright counterparts (see Fig. 1 (f)).
With increasing B, XD

1 and X1 split due to the different
tunnelings and decreasing gaps of |v+c−⟩ and |v+c+⟩.
Considering the simplicity of the model, the agreement
with the ab-initio GW/BSE results (circles/squares in
Fig. 1 (f)) is very good, especially for the lowest states.
The model fully explains the experimentally measured
redshift in Fig. 1 (b)) of X1.
The nature of the excitons is governed by the relative
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FIG. 3. Dependency of exciton states on the external field. In a the possible transitions on the layers L and L±1 or in
between are sketched at an arbitrary tilting angle/external field. b gives the probability density of the excitonic wavefunction
for the first exciton (XD

1 ) in FM order from our BSE calculation. The wavefunction is projected to the plane vertical to the

layers in directions b⃗ and c⃗ to show the distribution to the next layers L±1 and L±2. Here, the hole is fixed in the center of
the plot (middle layer (L)). Panel c shows the same quantity along the crystal direction c, after summation over crystal axis
b, for three different magnetic situations. The electron probability density strongly depends on the magnetic state which is
given by the angle and arrow aside the plot. d shows our Bext dependent ab initio results (dots) and model functions (lines)
of the intralayer and charge-transfer components for XD

1 and X1. Also in e the intralayer and charge transfer contributions to
the wavefunctions of X1/X

D
1 are given, here with dependence on the vertical distance ∆z seperating layers L and L+1. The

dashed lines are guide to the eye.

alignment of the spins which leads to the different tun-
nelings th and te. For a better understanding, we analyse
their character in the following.

Controlling the charge transfer contribution.

The basis of |v±⟩ and |c±⟩ is symmetric on both lay-
ers, L and L+1, and may hide the localization of each
exciton at first glance. Thus, in Fig. 3 we analyze the
internal structure of the excitons. Panels (b) and (c)
show the probability distribution of the electron relative
to the hole (located on the middle layer), for the state
XD

1 (the state X1 looks similar). The lowest excitons of
CrSBr are influenced by the large crystal anisotropy and
the flat bands along Γ-X lead to extended 1D like exci-
ton wavefunctions along axis b (Fig. 3 (b)). When the
external magnetic field is turned on, the enabled layer
interaction induces hopping of the electron from layer L
(position of the hole) to layer L±1 and farther. In Fig. 3
(c) we show the projection of the exciton wavefunction
onto the axis c, evolving from being restricted to one layer
to becoming more extended to the adjacent layers with
increasing tilting angle. In the AFM state the exciton is
fixed to layer L and its character is intralayer while in
the FM state the exciton is extended and gets significant
charge transfer contributions. For the analysis of this CT
of XD

1 and X1 we sum up the probability density on the
layer with the hole (intralayer) and the probability on the
adjacent layers (CT) and give the percentages in Fig. 3

(d). The ab initio results (dots) at B = 0T show decou-
pled layers, where both excitons are vertically restricted
to the respective layer (99% intralayer character). With
increasing magnetic field we find that the states get a
significant CT with up to 27% (XD

1 ) and 13% (X1) in the
FM order.

From our minimal model the contributions can be eval-
uated as sum and difference of the two evolved transi-
tions. E.g. for B = 0 the contributions of |v+c+⟩ and
|v−c−⟩ are identical, their sum (intralayer contribution)
is 1, their difference (CT contribution) is zero. Qual-
itatively we find the same behavior with increasing B
as in our ab initio results shown as the blue curves in
Fig. 3 (d). To first non-vanishing order in B the model
yields the CT contribution ∼ t2e+hB

2 and explains the

smaller contribution of X1 (t2e+h ∼ 0.0352) compared to

XD
1 (t2e+h,D ∼ 0.0932). In saturation we find 21% (XD

1 )

and 5% (X1) CT which is similar to the ab initio re-
sults discussed above. Thus the energetically lowest ex-
citons remain intralayer type with significant CT contri-
butions at finite fields. The higher-energy excitons XD

2

and X2 (1.533 eV in AFM order) show the opposite be-
havior, starting at 100% CT character and gaining some
intralayer share towards FM.

This analysis fully explains the increasing CT admix-
ture of X1 and XD

1 observed in our ab-initio data. Quan-
titative agreement, however, is not achieved (see e.g.
Fig. 3 (d)) due to the minimal nature of our model (e.g.,
the number of bands included).

These findings suggest further ways to manipulate the
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energy and CT character in CrSBr. With a variation of
the layer distance we can change the overlap of orbitals
(mostly given by Br atoms) that mediate the interlayer
interaction and thus the size of tunneling te/h. In Fig. 3
(e) we show the dependence of the CT contribution to
XD

1 /X1 on the relative variation ∆z of layer distance
with respect to the equilibrium position. If the distance
is compressed by 0.2 Å, the CT contribution is increased
from 27% to 33%, while a lattice expansion by 0.2
Å leads to 21% CT contribution to the XD

1 (for details
see SI). In experiment the interlayer distance may be
controlled e.g. by pressure as done in [30] and our
findings can explain excitonic behavior under such
conditions.

In summary, we explain the underlying mechanisms
governing the behavior of electrons and excitons in mul-
tilayer CrSBr under the influence of an external magnetic
field. Our ab initio GW -BSE calculations accurately re-
produce the redshift of the lowest visible exciton and re-
veal a splitting of formerly spin-degenerate states, pro-
portional to the magnetic field. The energy redshifts, CT
admixture, and band gap reduction are explained well in
our simple but expressive model set up by parameters
from the ab-initio data. External magnetic fields enable
the layer coupling and induce a substantial CT character
of the excitons of up to 27% in the ferromagnetic order,
which is further manipulable by adjusting the interlayer
distance. Of particular interest is the identification of
a dark symmetry-forbidden exciton state initially degen-
erate with the allowed second exciton in the antiferro-
magnetic crystal. This state, shifts to energies below the
visible bright exciton observed in photoluminescence at
finite fields. Our findings pave the way for a systematic
control of electrons, excitons, charge transfer dynamics,
vertical extension of wavefunctions, and binding energies
through the application of external magnetic fields.

METHODS

Experimental characterization and
photoluminescence spectroscopy

Bulk-like multilayer samples of CrSBr have been pre-
pared by micromechanical cleavage from bulk crystals
onto SiO2/Si substrates using Nitto tape. The thickness
of 70 nm and 225 nm of the multilayer flakes has been de-
termined by atomic force microscopy in ambient using a
XE 100 from Park Systems with a cantilever of the NSC
15 series in the non-contact mode. The samples are char-
acterized by non-resonant Raman spectroscopy using lin-
early polarized light from a 532 nm (2.33 eV) wavelength
laser diode. In order to determine the in-plane crystallo-
graphic a and b directions that are highly anisotropic,
the linearly polarized light in the excitation path has
been rotated with respect to the crystal axes and the co-
linear polarized Raman response has been determined.

The intensity of first order Raman modes are sensitive
to the crystallographic direction [17]. Our magneto-
photoluminescence measurements were conducted at 4K
in Faraday configuration utilizing a pulse tube refrig-
eration operating with helium gas (Bluefors) equipped
with windows for optical access and with a supercon-
ducting 7T electromagnet. The sample was mounted on
a cold finger equipped with x − y − z piezo stages for
sub-micrometer positioning accuracy. The laser was fo-
cused on the sample in back-scattering geometry with a
low temperature compatible objective lense with a nu-
merical aperture of 0.82 mounted on a homebuilt stage
attached to the 4K stage of the cryostat. The focused
spot on the sample had a diameter of ≈ 2 µm in the rel-
evant wavelength range. The sample was excited close
to resonance at a wavelength of 850 nm (1.46 eV) using
a continuously frequency tunable continuous wave (CW)
Ti:sapphire laser. The emitted light was guided to the
entrance slit of a spectrometer with 750 nm focal length
and dispersed using a 600 lines/mm grating resulting in
a spectral resolution of 0.1 nm within the relevant wave-
length range of 900 nm to 950 nm.

Many body perturbation theory from the GW and
BSE scheme

To simulate the experimental samples we study bulk
CrSBr. The description requires arbitrary spin configu-
rations, i.e. in-plane ferromagnetic order, antiferromag-
netic order from adjacent layers, and different tilted spin
configuration in between. We cannot neglect spin-orbit
coupling effects although the effects for the states close
to the gap are small. For energetically higher and lower
states, as well as for the correct description of symmetry
in this system, spin-orbit coupling is taken fully into ac-
count. Therefore, we calculated the electronic ground
state from first principles by employing density func-
tional theory (DFT) in the noncollinear formalism of
the spin density approach [31, 32]. For the exchange
correlation functional we applied the generalized gradi-
ent approximation (GGA) [33]. The resulting energies
and spinor wavefunctions are used as a starting point
for many body perturbation theory including the non-
collinear magnetism and spin-orbit coupling effects. In
the GW approximation [34] we calculated the self-energy
Σ = iGW from the one-particle Green’s function G and
the screened Coulomb interaction W (including the di-
electric response in random phase approximation) which
is then used to calculate the quasiparticle (QP) band-
structures. Here, Σ replaces the DFT exchange corre-
lation energy Vxc and leads to the QP Hamiltonian and
eigenenergies

HQP = HDFT + iGW − Vxc (3)

EQP
nk = EDFT

nk + ⟨ψDFT
nk |Σ

(
EQP

nk

)
− Vxc |ψDFT

nk ⟩ . (4)
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While we do not extend our DFT description by adding
an arbitrary Hubbard U , we note the related physical ef-
fects like on-site Coulomb repulsion and Hubbard correla-
tion are included in the self-energy. In this QP approach
we employ the so-called one-shot GW method including
non-diagonal terms of the self-energy as we have previ-
ously found that the diagonal parts are not sufficient for
CrSBr [11, 35, 36]. The solution of the full eigenvalue
problem yields the coefficients Dn

mk for the linear combi-
nation of DFT states to the new QP wavefunctions (for
details see Ref. [11])∑

n′

HQP
nn′(k;E

QP
mk)D

n′

mk = EQP
mkD

n
mk (5)

ψQP
nk =

∑
Dn

mkψ
DFT
nk . (6)

To anticipate the large opening of the band gap from
DFT to QP bandstructure and to circumvent a full self-
consistent GW to determine the shifts we applied a scis-
sors operator of 1.0 eV.
To evaluate the optical behavior of CrSBr including
the electron-hole interaction we solve the Bethe-Salpeter
equation (BSE) [37] on top of the GW approximation.
For exciton state S this is given by

(Eck−Evk)A
S
vck+

∑
v′c′k′

Kvck,v′c′k′(ΩS)AS
v′c′k′ = ΩSAS

vck ,

(7)
with the interaction kernal Kvck,v′c′k′ in Tamm-Dancoff
approximation, the energy ΩS of exciton state S and the
amplitudes AS

vck that set up the exciton wavefunctions

ΨS(xe,xh) =
∑
vck

AS
vckΨ

†
vk(xh)Ψck(xe) . (8)

Here, xe/h = (re/h,σe/h) is the combination of posi-
tion and spin and the results from Fig. 3 correspond to∑

vck |AS
vck|2. We include the off-diagonal elements of

the self-energy as the BSE is solved in the original DFT
basis as explained in details in Ref. [11].
For our quasiparticle calculations we employ a hybrid
basis set of Gaussian orbitals with decay constants from
0.14 to 12.5 aB

−2 combined with plane waves with an
energy cutoff set to 1.5Ry to represent of all two-point
functions (P , ε,W ) in GW . Moreover, we apply a k-point
sampling of 30×22×4 points in the first Brillouin zone for

well converged GW results and use, due to the numerical
costs for the BSE, a grid of 16× 12× 4 points, which is
sufficiently converged for the lowest exciton states.
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