
Sensing the local magnetic environment through optically active defects in a layered
magnetic semiconductor

J. Klein,1, ∗ Z. Song,2, 3 B. Pingault,2, 4 F. Dirnberger,5 H. Chi,6, 7 J. B. Curtis,2, 3

R. Dana,1 R. Bushati,5, 8 J. Quan,9, 10, 11, 12 L. Dekanovsky,13 Z. Sofer,13 A. Alù,9, 10, 11, 12

V. M. Menon,5, 8 J. S. Moodera,6, 14 M. Lončar,2 P. Narang,2, 3, † and F. M. Ross1, ‡

1Department of Materials Science and Engineering,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA

2John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA
3College of Letters and Sciences, UCLA, Los Angeles, CA 90095 USA

4QuTech, Delft University of Technology, 2600 GA Delft, The Netherlands
5Department of Physics, City College of New York, New York, NY 10031, USA

6Francis Bitter Magnet Laboratory, Plasma Science and Fusion Center,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA

7U.S. Army CCDC Army Research Laboratory, Adelphi, Maryland 20783, USA
8Department of Physics, The Graduate Center, City University of New York, New York, NY 10016, USA

9Department of Electrical and Computer Engineering,
The University of Texas at Austin, Austin, TX, 78712, USA

10Photonics Initiative, CUNY Advanced Science Research Center, New York, NY, 10031, USA
11Department of Electrical Engineering, City College of the City University of New York, New York, NY, 10031, USA

12Physics Program, Graduate Center, City University of New York, New York, NY, 10026, USA
13Department of Inorganic Chemistry, University of Chemistry and
Technology Prague, Technická 5, 166 28 Prague 6, Czech Republic

14Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: 2022-07-08)

Atomic-level defects in van der Waals (vdW) materials are essential building blocks for quantum
technologies and quantum sensing applications. The layered magnetic semiconductor CrSBr is an
outstanding candidate for exploring optically active defects owing to a direct gap in addition to a
rich magnetic phase diagram including a recently hypothesized defect-induced magnetic order at low
temperature. Here, we show optically active defects in CrSBr that are probes of the local magnetic
environment. We observe spectrally narrow (1meV) defect emission in CrSBr that is correlated with
both the bulk magnetic order and an additional low temperature defect-induced magnetic order. We
elucidate the origin of this magnetic order in the context of local and non-local exchange coupling
effects. Our work establishes vdW magnets like CrSBr as an exceptional platform to optically study
defects that are correlated with the magnetic lattice. We anticipate that controlled defect creation
allows for tailor-made complex magnetic textures and phases with the unique ingredient of direct
optical access.

Spin defects in solids make up a vastly growing field,
both fundamental and applied, and play an important
role in emergent quantum technologies. [1–8] While sin-
gle isolated defects in a solid are practical for emission
of non-classical light or applications in quantum sens-
ing, [2, 9] closely arranged spin defects provide new means
to explore complex quantum many-body systems in the
solid state, [10] similar to trapped atomic or ionic sys-
tems. [11] Such systems are of key interest for quan-
tum simulation of spin-Hamiltonians for exploring exotic
properties in solid-state materials. [12–16]

In terms of local creation of defects with functional
properties, the class of two-dimensional (2D) materi-
als offers advantages over conventional three-dimensional
(3D) materials. [17] Several optically active defects in 2D
materials have been identified [18] and also deterministi-
cally positioned [19, 20] with the motivation to provide
a platform for scalable single-photon sources. [21–23] 2D
magnets offer novel opportunities for using defects for de-
signing artificial magnetic orders or magnetic quasipar-

ticles like magnetic vortices (e.g. skyrmions) for appli-
cations in nano-spintronics and quantum memories. [24]
As of yet, optically active defects in 2D magnets are
scarcely explored [25] often due to material instability,
the absence of a band gap or poor optical emission prop-
erties [26, 27] and therefore mostly limited to theoretical
work. [24]

The layered magnetic semiconductor CrSBr is a
promising vdW material ideal for pursuing 2D mag-
netism [28–30] due to its good air stability, sizeable band
gap ∼ 1.5 eV, [31] high transition temperature (132 K)
with A-type antiferromagnetic (AFM) order, [31], tightly
bound magneto-excitons [32] and correlated magneto-
transport. [33] Moreover, the charge transport is highly
anisotropic [34] even in multilayer CrSBr flakes which ori-
gin is a strong one-dimensional (1D) electronic character
due to an intricate combination of weak interlayer hy-
bridization and strong intralayer anisotropic electronic
bandstructure. [35] This has the advantage that opti-
cally clean signatures and magnetic orderings that mimic
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mono- or bilayer CrSBr can be conveniently probed in
disorder free high-quality multilayer crystals. [35]

The magnetic phase diagram of CrSBr is rich, display-
ing a low temperature magnetic order that emerges at a
critical temperature of TD = 30 − 40 K. [31, 33, 36, 37]
This magnetic order has been observed consistently in
magnetic susceptibility and magneto-transport measure-
ments throughout all reported crystals. The origin of this
magnetic signature is still under debate, but has been
speculated to arise from crystal defects. [33, 36, 37] The
defect exchange coupling and defect-to-defect exchange
interactions are therefore likely to play an important role
in the formation of this magnetic order, but are as of yet
unknown. Indeed, the type and density of intrinsic de-
fects in CrSBr and their electronic, optical and magnetic
properties are mostly unexplored. The strong optical re-
sponse of this material, [32] in particular its very narrow
spectral width in multilayer crystals, [35] therefore cre-
ates a powerful motivation to study whether optically ac-
tive defects are present in CrSBr, their sensitivity to the
magnetic order and their role in the emergence of the low
temperature magnetic order at TD = 30−40 K. This will
be crucial in exploiting crystal defects for applications
in magnetic sensing and for creating exotic many-body
states.

Here, we show that CrSBr does indeed host optically
active defect states that are correlated with the magnetic
phase diagram. We quantify the intrinsic defects in
CrSBr by scanning tunneling microscopy (STM) and
observe that the most abundant defect is the VBr
vacancy defect with a density of ∼ 1013cm−2 in addition
to at least one more type of defect with a much lower
density of ∼ 3 · 1011cm−2 that is likely the VS. In
low temperature photoluminescence (PL), we identify a
spectral doublet that shows power saturation that we
ascribe to emission from defects. This defect emission
is magnetically correlated with the bulk magnetic order
but shows up to ∼ 100 times smaller energy changes as
compared to the free excitons, reflecting the small but
finite interlayer delocalization of the defect wavefunction
when changing from an AFM to FM order. Most
strikingly, we observe sharp crossover behaviour with
the defect PL revealing a drastic spectral narrowing at
TD that is associated with the emergence of the low
temperature magnetic order. We calculate the electronic
structure of the three most prolific point vacancy
defects (VCr, VS and VBr) and furthermore determine
the impact of their presence on the local Heisenberg
exchange coupling. Our experimental and theoretical
results suggest that the low temperature magnetic order
originates from the collective FM alignment of defects.
The defects are either the origin of the phase, or ‘sense’
this phase as optically active spin defects. The main
mechanism creating this magnetic order is likely driven
by a complex competition of thermal energy kBT ,
local and non-local exchange interaction and charge

carrier doping. These results overall suggest that strong
opportunities exist for exploiting functional defects in
CrSBr and vdW magnetic materials more generally,
and provide a motivation for novel designs for the
controlled generation of magnetic phases by atomic-level
defect engineering in vdW magnets with the unique
characteristic of direct optical detection.

Intrinsic point vacancy defects in CrSBr. We
first discuss the nature of point defects in CrSBr, whose
crystal structure and ground state magnetic ordering are
schematically depicted in Fig. 1a. CrSBr is an A-type
antiferromagnet with an in-plane FM coupling and a
weak interlayer AFM coupling. Measuring the magne-
tization of bulk CrSBr (see Fig. 1b) shows the easy axis
pointing along the b axis with a spin flip transition at
Bflip = 0.35 T, an intermediate magnetic axis along the a
axis (1 T) and the hard axis along the c axis (2 T). [29, 31]
The three most prolific point vacancy defects are VCr, VS
and VBr, depicted in Fig. 1a.

To measure the defect character and density we study
a clean CrSBr surface in STM at room temperature. Fig-
ure 1c shows a large area topographic image of CrSBr.
We observe a low density (∼ 3 · 1011cm−2) of defects
D∗ that have strong electronic contrast. These defects
are not related to the surface but situated below the
Br atoms, presumably within the Cr-S matrix, indicat-
ing that they originate from the VS or VCr vacancy
defect or a potentially more complex defect structure.
Moreover, from high resolution topographic images (see
Fig. 1d) we determine a high top surface concentration
of ∼ 5 ·1012cm−2 of VBr that can be clearly distinguished
by missing atoms in the periodically arranged Br atoms
in the top surface. Their concentration corresponds to a
sheet vacancy density of ∼ 1013cm−2, assuming that the
top and bottom Br plane host the same number of VBr.
This VBr concentration is almost two orders of magnitude
higher than the other prevalent defects. The abundance
of VBr is also thermodynamically expected from our cal-
culated defect formation energies where EBrform = 3 eV

is much smaller than ESform = 5 eV and ECrform = 7 eV,
respectively. The high density of VBr can potentially ex-
plain the commonly observed n-type doping of CrSBr in
magneto-transport [31, 33, 34] with high sheet densities
of ∼ 7 · 1013cm−2. [33]

To study the effect of each vacancy on the local elec-
tronic environment, we performed ab initio calculations
of a monolayer CrSBr with the Heyd-Scuseria-Ernzerhof
hybrid (HSE) functional for the three most common
defects VCr, VS and VBr in a 7 × 7 × 1 supercell
corresponding to a defect density of ∼ 1.2 · 1013cm−2

(see Fig. 1e-g). Based on these calculations, we expect
that the VCr, VS can induce four midgap states; we
expect only two midgap states for VBr. The corre-
sponding electronic wavefunctions of the VCr, VS and
VBr are shown in Fig. 1h-i. The VCr appears as the
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FIG.| 1. Intrinsic crystal defects in CrSBr and their calculated electronic and magnetic properties. a, Schematic
illustration of multilayer CrSBr with moment indicated in each layer and point vacancy defects within one layer. b, Magne-
tization at 1.8K measured with the magnetic field oriented along the a, b and c axes. The magnetization saturates at 2.8µB

close to the S = +3/2 for ferromagnetic interlayer coupling. c, Large area room temperature STM topographic image of the
surface defect concentration of at least one defect with a low density of ∼ 3 · 1011cm−2. Tunneling current of 20 pA and a bias
voltage of 0.4V. d, High magnification STM topographic image shows the top layer of Br atoms and individual Br vacancy
point defect with a surface density of ∼ 5 · 1012cm−2 (sheet density of ∼ 1013cm−2). e, Ab initio calculated electronic band
structure using the HSE functional of the VCr, f, VS and g VBr for a 7 × 7 × 1 supercell. h, Top view of the calculated
real-space wavefunctions of VCr, i VS and j VBr. k, Calculated Heisenberg exchange interaction J in presence of VCr, l VS and
m VBr.

most localized in the a-b-plane and the VS the most
delocalized along the b axis, and the VBr the most
delocalized along the a axis with all defects following the
D2h symmetry of CrSBr. We furthermore calculate the
local change in the magnetic structure determining the
local Heisenberg exchange interaction J (see Fig. 1k-m).
The VCr induces a magnetic hole in the lattice with
slightly higher exchange energies as compared to the
pristine lattice while the VBr shows the highest local
exchange energy. We note for later reference that the
local exchange of the VS is smaller and even negative
(AFM) along the a axis and that in particular the VS
defect has a highly anisotropic wavefunction, with a
large extent along the more dispersive b axis. [35]

Spectrally narrow defect emission in bulk
CrSBr. Having established the types and densities of
defects present, we now measure their optical properties
in multilayer CrSBr. For our PL measurements, we excite

the material with a continuous-wave laser at an energy
of 2.384 eV with the sample kept at a lattice tempera-
ture of 4.2 K. A PL spectrum from a CrSBr flake with
a thickness of 36.8 nm (∼ 47 layers) taken with an ex-
citation power of 10 µW reveals a rich optical spectrum
(see Fig. 2a). The high crystal quality in combination
with the preserved 1D character in the bulk provides very
clean optical signatures with spectral linewidths of only
1 meV. [35] From an excitation power dependence we can
track the evolution of all emission lines (see Fig. 2b).

The spectrum shows emission from the 1s exciton (X)
and additional resonances at higher energy (X∗ and
X∗∗). [35] The fine structure in X is likely from inter-
ference effects due to the finite thickness of the flake. [35]
The sequence of optical features (X ′) in the energy win-
dow 50 meV below X is of unknown origin and not dis-
cussed further here.

While these resonances exhibit a linear power depen-
dence (see e.g. X in Fig. 2c), the doublet peak labelled



4

XD,1X

1 10 100 1000

10-1

100

101

102

P
L
 i
n
t.
 (

k
c
ts

/1
2
0
s
)

Power (µW)
0 100 200 300

0

1

2

P
L
 i
n
t.
 (

k
c
ts

/1
2
0
s
)

Power (µW)

1.255 1.260 1.265 1.270 1.275
0

90

180

270

360

Energy (eV)
P

o
la

ri
z
a

ti
o

n
 a

n
g
le

 (
d
e
g
)

30.0039.7049.4059.1068.8078.5088.2097.90107.6117.3127.0136.7146.4156.1165.8175.5185.2194.9204.6214.3224.0233.7243.4253.1262.8272.5282.2291.9301.6311.3321.0330.7340.4350.1359.8369.5379.2388.9398.6408.3418.0427.7437.4447.1456.8466.5476.2485.9495.6505.3515.0524.7534.4544.1553.8563.5573.2582.9592.6602.3612.0621.7631.4641.1650.8660.5670.2679.9689.6699.3709.0718.7728.4738.1747.8757.5767.2776.9786.6796.3806.0815.7825.4835.1844.8854.5864.2873.9883.6893.3903.0912.7922.4932.1941.8951.5961.2970.9980.6990.31000

Z Title

1.22 1.24 1.26 1.28 1.30 1.32 1.34 1.36 1.38 1.40
0

1

Energy (eV)

P
L
 i
n
te

n
s
it
y
 (

k
c
ts

/2
0
s
)

1.22 1.24 1.26 1.28 1.30 1.32 1.34 1.36 1.38 1.40

10-3

10-2

10-1

100

Energy (eV)

P
o
w

e
r 

(m
W

)

log(PL)
X

XD, 1

XD, 1XD, 2

XD, 2

X* X**

X’

a

P = 10 µW

c

e

X

b

b

ොa

b

ොa

b

X’

PL

XD,1

X

b

ොa

b

ොa

d

f

g

FIG.| 2. Spectrally narrow defect photoluminescence in CrSBr. a, Low temperature (4.2K) photoluminescence of
multilayer CrSBr for an excitation power of 10µW and a laser energy of 2.384 eV. The 1s exciton X and the defect doublet are
highlighted. b, False color plot of the power dependence of the multilayer CrSBr spectrum. c, Linear power dependence of the
1s exciton (X). d, The defect peak shows a clear power saturation behavior with a saturation power of PS = 17.99± 2.15µW.
This represents the saturation power for an ensemble of defects within the interaction volume of the laser spot. e, Polarization-
dependent defect PL shows a strong linear polarization along the b axis and the absence of PL along the a axis. Corresponding
polar plots for the defect emission (XD,1) and exciton (X) emission are shown in f and g, respectively.

XD,1 and XD,2 at ∼ 1.2658 eV and ∼ 1.2624 eV shows
a saturating power dependence (see Fig. 2d). This is a
clear distinction from free exciton emission and an un-
ambiguous signature of emission from defects. The dou-
blet fine structure with an energy splitting of 3.4 meV is
layer-independent, unlike the fine structure in the X, and
therefore does not result from interference effects but is
of real electronic origin (see SI).

The excitation power dependent emission intensity is
well described with I(XD) ∼ A·P

P+Psat
(see Fig. 2d). We

note that the emission of XD is not an individual defect
but the emission from an ensemble of defects within the
laser spot. Moreover, the defect emission is also strongly
linearly polarized along the b axis (see Fig. 2e and f), sim-
ilarly to the excitonic emission (see Fig. 2g), indicating
the anisotropic electronic structure. The calculated ab-
sorption of the VS is along the b axis in closest agreement
with the measured polarization (see SI).

Electronic structure of the luminescent defect.
The relaxation dynamics and carrier pathways for
different excitation energies can provide additional
insights into the electronic structure of the luminescent
defect. We probe the electronic structure of the defect

in photoluminescence excitation (PLE) spectroscopy
using a spectrally narrow (1 neV) energy tunable
continuous-wave Ti:Sapph laser. In our experiment,
we study excitation energies ranging from 1.34 eV to
1.77 eV. Figure 3a shows a false color map of the PLE
measurement. The PL intensity of the X and the XD

shows a similar dependence between 1.5 eV and 1.77 eV
(see also full energy range in the SI). The increasing PL
intensity at 1.77 eV is due to higher energy bands [32, 35]
while the intensity increase at ∼ 1.55 eV is likely from
the high density of states (DOS) at the bulk single-
particle band gap (∼ 1.58eV). [35] More importantly,
tuning the laser to the energy window where excitons
dominate the material’s response at 1.355 eV (see PL
in Fig. 3b) reveals a clear fine structure in the PLE
of the defect emission XD,1 (see Fig. 3c and magnified
inset in Fig. 3a) consisting of a doublet at 1.3659 eV and
1.3684 eV and an additional peak at 1.381 eV. Direct
comparison with the PL spectrum obtained with an
excitation energy of 1.7 eV at the same position is in
excellent agreement with the X doublet and the X∗.
The third peak (labelled X∗∗) observed in PL is not fully
resolved in the PLE, likely due to the smaller signal.
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FIG.| 3. Electronic structure of defect emission in
CrSBr. a, Low temperature (4.2K) PLE spectroscopy of
multilayer CrSBr. The 1s exciton and defect doublet XD are
indicated by arrows. b, PL spectrum on a semi-logarithmic
scale highlighting excitonic transitions X, X∗ and X∗∗. c,
Dependence of the defect intensity XD,1 on the excitation
energy. The resonances in the defect intensity reveal the ex-
citonic structure of CrSBr. The red line is a fit to the exci-
tonic doublet with a line width of 1.2meV and a splitting of
2.45meV, in excellent agreement with the PL spectrum.

The clearly resolved electronic and excitonic structure
in the defect emission suggests that the defect can be
excited efficiently by tuning the laser on resonance with
points of high absorption in the electronic structure
of CrSBr. The photo-excited electrons and holes can
relax and populate the defect level efficiently followed
by radiative recombination.

Sensing the magnetic order through optically
active defects. It is now particularly interesting if the
optically active defects embedded in the magnetic envi-
ronment can be used as a probe of the local magnetic or-
der. We therefore measure the defect photoluminescence
as we control the magnetic order of the bulk crystal in
an external magnetic field. Changes in the emission en-

ergy are expected to result from a change in magnetic
order. [32]

We begin by applying an external magnetic field along
the b axis (see Fig. 4). The exciton shows the expected
abrupt red-shift of ∼ 20 meV when the magnetic field
exceeds the spin flip transition field of Bflip = 0.35 T
along the easy axis (see Fig. 4a). This is in agreement
with the sudden spin flip transition from AFM to FM
order also observed in our magnetization measurements
(see Fig. 1b). Strikingly, the defect shows a qualitatively
similar dependence with an energy red-shift at the same
critical magnetic field (see Fig. 4b). However, the mag-
nitude of the energy shift is ∼ 15 times lower than that
of the exciton, only ∼ 1.35 meV (see Fig. 4c). This small
energy shift suggests that the wavefunction of the defect
is significantly more localized within the layer but still
exhibits a finite extent into the neighboring layer (i.e., a
finite carrier tunneling rate τ) when the magnetic order
undergoes a transition from AFM to FM.

We now apply the magnetic field along the c axis (see
Fig. 4d). The exciton reveals a continuous red-shift due
to the spins canting along the direction of the B-field
until the saturation field of 2 T is reached. In strong con-
trast, the defect emission exhibits a very small continuous
energy red-shift (see Fig. 4e and f) of only ∼ 0.16 meV.
The energy shift is a factor ∼ 100 times smaller than
that of the exciton. Moreover, the energy shift follows
a parabolic dependence that agrees with the tunneling
probability τ ∝ B2 from second-order perturbation the-
ory considerations. [32] Interestingly, the energy only
shifts until reaching a magnetic field of 1 T, well below
the saturation field of 2 T for the exciton.

The magnitude of the shift is expected to correlate
with the wavefunction delocalization in the FM or-
der. [32] Generally, the sensitivity for energy shifts of
the exciton in a magnetic field is due to the admixture
of Cr d-orbitals with either in-plane or out-of-plane
character. [35] The observed difference in energy shift
∆E for the b and c axis of the defect emission is likely
due to the different Cr d-orbital wavefunction admixture
into the defect bands that are involved in the optical
defect transition, and from the particular geometry of
the defect wavefunction in real space (see Fig. 1h-j). We
calculate the orbital admixture into the defect bands
of the VCr, VS and VBr (see SI). The calculations
suggest strong differences in d-orbital admixture for the
three defects. In particular, the VS exhibits a strong
admixture of Cr d-orbitals into its four defect bands.
While all four defect bands share some out-of-plane
character from dz2 orbitals, the two donor bands close to
the conduction band have more in-plane character with
d(y2−x2) while the two acceptor bands close to the valence
band have out-of-plane character dxz. The anisotropy
in the energy shift points towards an anisotropy in the
defect wavefunction in combination with the orbital
admixture. In our case, the defect is more sensitive to
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FIG.| 4. Sensing the magnetic order through optically active defects. a, Magnetic field dependent PL of the excitons
in a multilayer CrSBr for the magnetic field B applied parallel to the b axis. The exciton PL shifts when reaching the coercive
field at Bflip ∼ 0.35T due to a spin flip process where the AFM order changes to an FM order. Inset: AFM and FM ordering
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out-of-plane changes than it is to in-plane changes in
magnetic order. Such geometric considerations are of
particular interest for the sensing of local magnetic fields.

Low temperature magnetic order and optically
active defect emitters. After establishing that defects
in CrSBr are local probes of their magnetic environment,
we now focus on the role crystal defects play in the emer-
gence of the defect-induced magnetic order in the tem-
perature range TD = 30 − 40 K. We are particularly
interested in how an ensemble of defects creates a mag-
netic order, how the defects interact with the magnetic
lattice and also what role inter-defect interaction effects
have in light of proximity effects and the experimentally
measured defect densities.

We begin with studying the correlation of the optically
active defects with the low temperature magnetic order.
Therefore, we measure the magnetic susceptibility χm

by vibrating sample magnetometry (VSM) for field cool-
ing (FC) and zero field cooling (ZFC) along the three
main crystallographic axes (see Fig. 5a and b). Our data
clearly show the expected cusp of the Neél temperature
at TN = 135 K. Moreover, we observe the magnetic or-
der at the characteristic temperature TD = 30 − 40K,
albeit with a very weak signal amplitude. This signa-
ture is universally observed in all crystals at around the
same temperature. [31, 33, 36, 37] The weaker signature
in χm in combination with very narrow photolumines-
cence linewidths and a more intrinsic behavior from scan-
ning tunneling spectroscopy [35] together suggest a lower
defect concentration in our CrSBr crystals.

We now examine the temperature dependence of the
defect emission to track spectral changes in the temper-
ature range of the low temperature magnetic order (see
Fig. 5c). Strikingly, upon warming from base tempera-
ture (T = 4.2 K), the sharp spectral doublet of the defect
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FIG.| 5. Low temperature defect magnetic order and optically active defects in CrSBr. a, Magnetic susceptibility
χm versus temperature along the a axis, b axis, and the c axis for a CrSBr bulk crystal. Measurements are performed at a
magnetic field of 10mT. b, Zoom in from c showing a very weak signature of the low temperature magnetic order emerging at
30 − 40K with a hysteresis behavior suggesting a FM order from field cooling (FC) and zero-field cooling (ZFC). c, Waterfall
representation of the temperature evolution of the defect doublet PL. d, Schematic energy diagram of the uncoupled defect
transition for TD < T < TN exhibiting a random spin and as a result an energy broadened defect transition. e, Schematic
illustration of the coupling mechanism of individual defect spins and the magnetic lattice. For a temperature TD < T < TN

the defect spin is not exchange coupled to the magnetic lattice because the defect-Cr exchange coupling |J∗| < kBT . f, The
FM alignment of the defect spin with the lattice manifests in a well-defined spin transition suggesting the narrowing of defect
emission for T < TD. g, For T < TD the defect spin is coupled via Heisenberg exchange to the surrounding Cr atoms due
to |J∗| > kBT . h, Bound state energy for the two-spin aligned state (blue), the single spin aligned state (gray) and the spin
anti-aligned state (red) as a function of distance between two defects Rd−d. The FM spin alignment is favorable. i, Polaron
wavefunctions for different spin configurations for impurity separation r = 10nm and scattering length a = 5nm. The FM
spin wavefunction (blue) is lower in energy as compared to the AFM spin wavefunction (red) since it is able to delocalize more
easily.

XD disappears at TD = 30−40K, the temperature that is
associated with the low temperature magnetic order. The
simultaneous observation of TD where spectral narrowing
occurs and the change in χm suggests that the emergence
of the low temperature magnetic order is closely related
to the optically active defects.

In the following we discuss the possible mechanism that
can result in the defect-induced low temperature mag-
netic order. For our discussion we consider two interac-
tions: (i) the direct exchange interaction of an isolated
defect with the spins of the Cr lattice, and (ii) indirect

interactions between defects that are mediated by free
charge carriers or magnons.

We start with the magnetic order as a non-interacting
magnetic state that emerges due to the individual align-
ment of defect spins below the critical temperature TD.
For any ordering to be established, the energy scale of the
exchange interaction between two spins has to be larger
than the thermal energy at a first approximation, disre-
garding other anisotropies. This is what usually defines
critical transition temperatures in magnets. Similarly to
this analogy, the energy scale of the exchange interaction
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|J∗| between the defect spin and the surrounding spin
lattice has to be larger than kBT . Above the critical tem-
perature but below the Néel temperature (TD < T < TN )
the Cr spins are FM aligned in each layer. In this tem-
perature window, since kBTD > |J∗|, the spin of the
defects are subject to an exchange field but remain unpo-
larized, as thermal fluctuations overwhelm the exchange
and lead to randomly oriented defect spins (see Fig. 5d
and e). However, when kBTD < |J∗|, the exchange in-
teraction dominates over thermal disorder and can lead
to a net polarization of the defect spins. The sign of
J∗ then determines whether the defects align with an
overall FM (positive) or AFM (negative) order. In our
measurement, the alignment of defect spins in the crit-
ical temperature range TD ∼ 30 − 40K is accompanied
by a narrowing of the defect emission. This is likely due
to inhomogeneous spin-dependent broadening of the de-
fect energy, which changes from a broad distribution in
the disordered phase (see Fig. 5d and e) to a narrower
distribution in the ordered phase (see Fig. 5f and g).

Given the strong and sharp crossover temperature in
the defect emission (see Fig. 5c) in combination with the
hysteresis in χm (see Fig. 5b), we suggest that the mag-
netic defect ordering is driven by additional defect-defect
interactions. While the dominant effect is likely the ex-
change interaction between the defect spin state and the
host magnetic lattice, we would expect this alone to result
in a broad crossover behavior once T <∼ |J∗|, reflecting
independently distributed defects that remain uncorre-
lated. The observed sharp nonlinear behavior implies in-
stead that defect-defect correlations also play a key role.

There are several plausible mechanisms that can in-
troduce defect-defect interactions, including direct de-
fect exchange, magnon-mediated defect interactions, or
carrier-mediated RKKY-type interactions. [38–44] We
specifically focus on the carrier-mediated origin here
given the strong manifestation of the low temperature
magnetic order in magneto-transport signatures, [31, 33,
36, 37] but additional experiments are required to assess
the applicability of the other scenarios, especially cou-
pling to magnons. [45]

To see how carriers can mediate the defect-defect in-
teraction, we consider a simplistic 1D model featur-
ing a single spin-polarized conduction band electron
and two localized spin defects, separated by a distance
Rd−d. [38, 39, 43, 44] These defect spins then interact
with the carrier by a local s − d exchange interaction,
with strength Kd < 0 (the sign is unimportant except
for determining the overall alignment of defect spins).
This is plausible due to the 1D electronic character of
CrSBr with its highly anisotropic conduction band and
very light effective electron mass of m∗Y ∼ 0.14m0 in the
dispersive b axis [35] and the dependence upon doping of
the effect observed in magneto-transport. [33]

We now use this model to compare the energies associ-
ated with the FM spin state and the AFM spin state as

functions of the defect separation, as well as the single-
defect binding energy (see Fig. 5h and i). We determine
the corresponding ground state energy of this complex
considering the two spin values Sz1 , Sz2 for each of the
defects as a function of Rd−d (see inset Fig. 5h). In
addition, we find that even for a single impurity, when
the spin is aligned with the conduction band a bound
state will form, and in the δ-function limit this bound
state energy is E1 = − h̄2

8m∗a2 where a is the (bound-
state) scattering length of the potential, determined by
1/a = m∗Kd (see SI). The various binding energies for
the bound states are shown in Fig. 5h, for scattering
length of a = 5 nm. Indeed, we see a strong dependence
on the distance between the two defects, and notably we
find that while the AFM spin state tends towards essen-
tially the single-defect energy, the FM spin state retains a
noticeable lowering of the bound state energy compared
to the single-defect energy, even at large distances.

The interpretation is shown in Fig. 5i, where we com-
pute the corresponding wavefunctions for FM and AFM
spin configurations for Rd−d = 10 nm. Essentially, every
aligned spin can lead to a bound state, but additionally
when there are multiple aligned spins the bound states
can hybridize more effectively by sharing their bound car-
riers, leading to a nonlinear contribution to the defect
spin interactions. While this model offers a simple and
compelling explanation for the origin of the low temper-
ature magnetic order, it clearly requires a more detailed
treatment, which we leave to future studies.

We can qualitatively compare the predictions of this
model with the defect densities obtained from our topo-
graphic measurements (see Fig. 1c and d) in which the
inter-defect distances were LD = 1√

σ
∼ 3 nm in case of

VBr and a higher LD ∼ 18 nm for the other defects D∗.
Both densities are within the range where sizeable inter-
action effects can be expected.

We finally discuss the possible origin of the defect emis-
sion and its relation to the low temperature magnetic
order. Potential scenarios for defect emission include
a defect-to-defect transition, conduction band-to-defect
transition or defect-to-valence band transition. The de-
fect emission ∼ 100 meV below X suggests that the likely
candidates are a defect-to-defect transition of the VS or a
defect-to-valence band transition of VBr (see Fig. 1f and
g). The admixture of the valence band would result in
more excitonic ’flavor’ of the defect. Since we do not ob-
serve this in our measurements, this points more towards
the VS that satisfies this requirement in our calculation
with a defect level close to the conduction and valence
band, respectively. This would also agree with the de-
fect having less excitonic character with a more localized
electron and hole wavefunction, also consistent with the
magneto-PL and the temperature independent emission
energy. Furthermore, the VS is in best agreement with
the measured emission polarization along the b axis of
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the defect emission as obtained from the calculated ab-
sorption (see SI).

Moreover, the magnitude of the χm signal of the low
temperature magnetic order suggests a high defect den-
sity. We observe a high concentration of VBr, with ∼ 1%
of missing atoms and a low concentration of defect D∗
with ∼ 0.05% missing atoms, which likely is the VS. The
underlying mechanism of the low temperature magnetic
order can be more complex with more than one type of
defect involved. We can imagine two potential scenarios:
both the optical emission and the low temperature mag-
netic order arise exclusively from the VBr; or the mag-
netic order is from the VBr but sensed by the optically
active VS. In general, the wavefunction anisotropy of VS
along the 1D chains (dispersive b axis) makes the cou-
pling to free carriers that mediate exchange easier (see
Fig. 1i and l). While several experimental and theoreti-
cal results suggest that the most likely origin of optical
defect emission is the VS, ascribing the exact origin of op-
tically active defects is in general non-trivial. Additional
experimental work is required to support its unambigu-
ous identification. However, we note that all our results
and interpretation are irrespective of the physical nature
of the defect, showing only that different point defects
can indeed have different roles.

In conclusion, we experimentally show optically active
defects in the CrSBr that sense the local magnetic en-
vironment, including a defect-induced magnetic order at
low temperature. The optically active defect is either
the origin or part of the mechanism that contributes to
the low temperature magnetic order. Our results demon-
strate that exciting new opportunities can emerge from
the coupling of optically active defects with the underly-
ing magnetic order of the matrix. Higher concentrations
of defects can be interesting, if considered similarly to
dopants or other stoichiometric changes.

Atomic-level defects with the properties we have dis-
cussed here can serve as new means to engineer 2D mag-
netism and at the same time to probe the magnetic or-
der via optical read-out. The optical signal and magnetic
correlation has strong potential to harness the consider-
able advantages of optical experiments, such as probing
non-equilibrium dynamics of magnetic systems in a sim-
ple experimental geometry. Finally, this work also mo-
tivates further efforts to explore the coupling of defects
with magnetic quasiparticles like magnons [45]
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METHODS

Sample fabrication

CrSBr bulk crystals were grown by chemical vapor
transport. [46] Samples were fabricated by mechanical
exfoliation onto SiO2/Si substrates. Sample thickness
was verified by atomic force microscopy, phase contrast
and Raman spectroscopy for thinner flakes.

Photoluminescence spectroscopy

For the PL measurements, we mounted the sample in
closed-cycle helium cryostats (Montana Instruments or
AttoDry 800) cryostat with a base temperature of 4.2 K.
In both setups, measurements were made through the
side window using a home-built confocal microscope with
a ×100, 0.9 NA objective (Olympus). We excited the
sample using a continuous wave (CW) laser at 2.384 eV.
The PL is collected confocally after using a long-pass
filter. For the polarization resolved PL, we used a linear
polarizer in both excitation and detection and a half-wave
plate to rotate the polarization.

Photoluminescence excitation spectroscopy

For the PLE measurements, we used a tunable CW
Ti:Sapph laser (MSquared Solstis) with a linewidth of
1neV. The wavelength was stabilized using feedback
from a wavemeter (High Finesse WS8). An excitation
power of 10 µW was maintained throughout the measure-
ment well below the saturation power of the defect emis-
sion.

Magneto-optical spectroscopy

Magnetic field-dependent optical measurements were
conducted by mounting a sample of CrSBr bulk flakes on
top of a standard SiO2/Si substrate into a closed-cycle
cryostat (AttoDry 2100). The sample was subsequently
cooled to temperatures around 1.6 K. To align b or c crys-
tal axes of individual bulk flakes along the axis of the su-
perconducting solenoid magnet, providing field strengths
up to 9 T, the sample was mounted onto a horizontal

sample holder (c axis), or onto a perpendicular sample
holder (b axis) and visually aligned. We used a 2.33 eV
continuous-wave laser that was fiber-coupled on the in-
put to perform magnetic field-dependent PL measure-
ments. A second fiber collected the signal from the sam-
ple and directed it towards a high-resolution spectrome-
ter attached to a liquid-Nitrogen cooled charge-coupled
device camera. The laser excitation power was 100 µW.

Magnetization measurements

Temperature, field and angle dependent magnetic mea-
surements were performed in the temperature range of
2− 300 K in a Quantum Design Physical Property Mea-
surement System (PPMS) equipped with a 9 T supercon-
ducting magnet. Vibrating sample magnetometry (VSM)
was employed to characterize the magnetization.

Scanning tunneling microscopy

The topographic images were taken at room tempera-
ture with a Unisoku UHV-LT four-probe scanning tun-
nelling microscope operated with a Nanonis controller.
The STM is equipped with a scanning electron micro-
scope that allows precise location of scan locations. The
CrSBr bulk crystal was cleaved in vacuum to obtain an
adsorbate-free and clean surface, and the data were ac-
quired with both PtIr and W tips.

Ab inito calculations

The band structure calculations for the three vacancy
defects were calculated using SG15 pseudopotential [47]
and the Heyd-Scuseria-Ernzerhof hybrid (HSE) exchange
correlation functional [48]. An atomic basis set was used
and spin-orbit coupling was turned on. We used a mo-
mentum space k-point sampling of 4 × 3 × 1 for our
calculation and a supercell of 7× 7 × 1 to avoid interac-
tion between defects.

The optical absorption was calculated using the
Perdew–Burke-Ernzerhof (PBE) exchange correlation
functional [49] and a supercell of 7× 7 × 1.

Heisenberg exchange

We investigated the ferromagnetism in monolayer
CrSBr in presence of vacancy defects by calculating
the isotropic Heisenberg exchange coupling constant
of the nearest neighbor J1,2,3 using the Liechtenstein
method. [50] For the calculation we used a 5 × 5 ×
1 supercell. For the pristine CrSBr without a defect
we obtain exchange coupling constants of J1 = 8.21 eV,
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J2 = 7.04 eV and J3 = 2.28 eV. In our notation a posi-
tive value represents FM coupling while a negative value
corresponds to AFM coupling. Our calculated values are
overestimated in comparison to other experimental and
theoretical works [51, 52] but agree with the expected
trend that J1 ∼ J2 > J3.
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SCANNING TUNNELING MICROSCOPY OF CRSBR
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SI Fig.| 1. Scanning electron microscope (SEM) image of CrSBr in the STM. Typical SEM image of a bulk CrSBr crystal that
was exfoliated in situ in the STM under high vacuum. The CrSBr forms needle like flakes with the long axis along the a axis and the
short axis along the b axis. We locate clean surfaces for landing the PtIr tip using the SEM.
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POWER DEPENDENT EXCITON AND DEFECT EMISSION
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SI Fig.| 2. Power dependence of exciton and the defect emission. a, Power dependence of the exciton on a double logarithmic
plot for an excitation laser energy of EL = 2.384 eV and b, an excitation laser energy of EL = 1.746 eV. The PL intensity follows
a linear dependence with a slope of 0.99 ± 0.01 and 0.97 ± 0.04, respectively. c, Power dependence of the defect emission XD,1

for an excitation laser energy of EL = 2.384 eV and d an excitation laser energy of EL = 1.746 eV. The solid line is a fit with
I = A · P/(P + Psat) resulting in a saturation power of Psat = 17.99 ± 2.15µW and Psat = 23.34 ± 3.72µW, respectively.
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LAYER INDEPENDENT ENERGY SPLITTING OF THE DEFECT EMISSION
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SI Fig.| 3. Thickness-independent defect emission. Low temperature (4.2 K) PL spectra of CrSBr with thicknesses of 11 nm, 20 nm
and 40 nm. Thicknesses are obtained by atomic force microscopy. The energy splitting of the defect emission is constant with an
energy of ∆E = 3.6 meV and independent of the layer thickness.
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PHOTOLUMINESCENCE EXCITATION SPECTROSCOPY AND LINEWIDTH OF DEFECT EMISSION
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SI Fig.| 4. Photoluminescence excitation spectroscopy of the defect emission in CrSBr. a, Waterfall plot of the normalized PL of
the defect emission. Data are collected for excitation energies ranging from 1.36 eV to 1.77 eV. The solid line is a Lorentzian fit to
the energetically higher lying peak of the defect doublet XD,1. b, PL intensity of the defect emission as a function of the excitation
laser energy. The PLE scan reveals the exciton doublet and higher lying excitonic states and a high density of states up to an energy
of 1.65 eV. The increasing intensity towards higher energies is from higher lying bands that contribute to a high density of states.
c, Linewidth of the Lorentzian fits from a as a function of excitation laser energy. The linewidth at higher energies (E > 1.4 eV) is
∼ 1 meV but monotonically increases to a maximum value of 1.5 meV when the laser energy is tuned over the exciton doublet.
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TEMPERATURE DEPENDENT ENERGY SHIFT
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SI Fig.| 5. Temperature evolution of the exciton and defect emission. a, False color plot of the temperature-dependent PL of
multilayer CrSBr. b, Fitted emission energy of the 1s exciton doublet (from interference effect) and the defect doublet (real electronic
effect) as a function of temperature. The exciton shows a clear Varshni behaviour with an energy red-shift for increasing temperature.
In contrast, the defect doublet exhibits a constant energy with changing temperature suggesting less band admixture.

POLARIZATION DEPENDENT PHOTOLUMINESCENCE EMISSION
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SI Fig.| 6. Polarization dependent PL emission of bulk CrSBr. False color plot of the polarization angle-dependent low temperature
(T = 4.2 K) PL of bulk CrSBr. The exciton X and the defect emission XD,1 and XD,2 are highlighted. All emission follows the b
axis which corresponds to the dispersive Y direction in momentum space. [1]
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REAL-SPACE ELECTRONIC DEFECT WAVEFUNCTION
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VCr VS VBr

SI Fig.| 7. Charge density of the most prevalent vacancy defects in CrSBr. Calculated electronic charge density of different defect
states in real-space of the VCr, VS and VBr.

ANISOTROPY OF THE ELECTRONIC STRUCTURE OF DEFECT STATES
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SI Fig.| 8. Anisotropy in the absorption from the electronic structure of the most prevalent point vacancy defects. a, DFT-PBE
electronic bandstructure of pristine monolayer CrSBr for a 7 × 7 × 1 supercell. The majority and minority spin of the bands is shown
in blue and red colors. b, Electronic bandstructure of VCr, c, VS and d VBr. The defect levels are highlighted. e-h, Corresponding
calculated absorption for three different crystallographic orientations. Here, xx corresponds to the a axis, yy to the b axis and zz
to the c axis. The absorption for the pristine CrSBr close to the band edge shows the expected strong polarization along the b
axis. The VCr shows the least polarization while the VS is predominantly polarized along b axis and the VBr along the a axis. The
data mostly resolves the defect-to-defect transitions while the defect-to-valence band or conduction band-to-defect transition are not
straightforward to distinguish energetically from band-to-band transitions. The absorption data in combination with the strong extent
of the electronic wavefunction along the b axis and the experimentally determined polarization of the defect emission along the b axis
suggests the VS as the most likely candidate for the optical defect emission.
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ORBITAL ADMIXTURE OF POINT VACANCY DEFECT STATES

dxy d𝑦2−𝑥2
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SXY Γ Γ

SI Fig.| 9. Admixture of chromium d-orbitals of the chromium vacancy defect VCr. Calculated electronic band structure of the VCr
with the orbital projection from the Cr d-orbitals: dxy, dy2−x2 , dyz, dz2 and dxz. The d-orbital admixture into the four defect bands
is weak due to the strong localization of the electronic wavefunction of VCr. For the calculation a 7 × 7 × 1 supercell was used.
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dxy d𝑦2−𝑥2

d𝑦𝑧 d𝑧2

d𝑥𝑧

SXY Γ Γ SXY Γ Γ

SXY Γ Γ SXY Γ Γ

SXY Γ Γ

SI Fig.| 10. Admixture of chromium d-orbitals of the sulfur vacancy defect VS. Calculated electronic band structure of the VS with
the orbital projection from the Cr d-orbitals. The predominant admixture to the four defect bands is from the dy2−x2 , dz2 and dxz.
In particular, the two upper defect bands that are situated close to the conduction band exhibit predominant admixture from dy2−x2 -
and dz2 -orbitals. In contrast, the lower two bands exhibit predominant admixture from the dxz-orbitals.
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dxy d𝑦2−𝑥2

d𝑦𝑧 d𝑧2

d𝑥𝑧

SXY Γ Γ SXY Γ Γ

SXY Γ Γ SXY Γ Γ

SXY Γ Γ

SI Fig.| 11. Admixture of chromium d-orbitals of the bromine vacancy defect VBr. Calculated electronic band structure of the VBr
with the orbital projection from the Cr d-orbitals. The VBr exhibits two midgap bands. The predominant admixture to the two defect
bands is from the dy2−x2 , dz2 and dxz similar to the VS. In particular, the upper defect band is situated close to the conduction band
and exhibits predominant admixture from dy2−x2 - and dz2 -orbitals. In contrast, the lower band exhibits predominant admixture from
the dxz-orbitals.
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THEORY FOR DEFECT-CARRIER INTERACTIONS

Here we explore a possible origin of the magnetic interactions between defects. We assume that the defect energy is
sufficiently close to the chemical potential that the defect orbitals are occupied at least partially. The occupied defects
are then expected to host an embedded spin which we model classically here. Through an s− d exchange interaction
with the conduction band (or the valence band, which behaves similarly for our purposes), these spins can couple to
itinerant carriers, which we model via a contact exchange interaction with the spin density.

Since the carriers have a very large anisotropy in effective mass, [1] we consider a simple model of one-dimensional
carriers with effective mass m∗ = 0.14me interacting with defects randomly located at points ±R/2. We model the
simplest case here, and leave further details to future work. First, we consider the case of a lone defect at x = 0
interacting with the conduction band, with one-body carrier Hamiltonian

Ĥc[S1] = − h̄2

2m∗
∂2

∂x2
+

1

2
∆(σ̂z + 1) +

1

2
~σ · SKdδ(x). (1)

Here ~σ is the spin operator for the carrier electron, ∆ is the exchange splitting of the conduction band, Kd is the
defect-carrier s− d exchange interaction, and S is the expectation value of the defect spin, which we treat classically.
We can convert the exchange interaction into the scattering length parameter Kd = 1

m∗a . We take Kd > 0, since
the opposite sign is equivalent to a global inversion of all the impurity spins, which can be done without inducing
frustration.

We assume the exchange splitting is very large, such that we can project onto the majority spin state, which then
reduces the Hamiltonian to

Ĥ[S1] = − h̄2

2m∗
∂2

∂x2
+

1

2
SzKdδ(x). (2)

If Sz is anti-aligned with the carrier spin axis, then this leads to an attractive delta-function potential while it is
repulsive if it is aligned. Formally, we can solve for the wavefunctions of this potential by writing

ψ(x) =

{
Aeκx x < 0

Ae−κx x > 0.
(3)

This is solved by imposing continuity of the wavefunction at 0, as well as setting the discontinuity of the derivative.
We find

κ

m∗
+

Sz

2m∗a
= 0 (4)

and the requirement that κ > 0 means this only has solutions if Sz < 0, corresponding to the anti-aligned configuration.
This then gives, for impurity spin length S,

κ = − S

2a
. (5)

The energy of this eigenstate is found in terms of κ to be

E↓ = − h̄
2κ2

2m∗
= − h̄2

8m∗a2
S2. (6)

Thus, we find that there is essentially a Zeeman-induced spin-splitting from the polarized carrier band of

E↑ − E↓ =
h̄2

8m∗a2
S2. (7)

Now, we consider the case of two defects. We take the same parameters, and solve for the bound states in a similar
way. The one-body carrier Hamiltonian is (again projected on to the majority spin species)

Ĥ[S1, S2] = − h̄2

2m∗
∂2

∂x2
+

1

2m∗a
Sz1δ(x+R/2) +

1

2m∗a
Sz2δ(x−R/2). (8)
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We now write for the wavefunction

ψ(x) =





Aeκx x < −R/2
B+e

κx +B−e−κx x ∈ [−R/2, R/2]

Ce−κx x > R/2.

(9)

The equations for continuity of the wavefunction imply

Ae−κR/2 = B+e
−κR/2 +B−e

κR/2 (10a)

Ce−κR/2 = B+e
κR/2 +B−e

−κR/2. (10b)

We next impose the derivative matching conditions of

− 1

2m∗
(κB+e

−κR/2 − κB−eκR/2 − κAe−κR/2) +
1

2m∗a
Sz1Ae

−κR/2 = 0 (11a)

− 1

2m∗
(−κCe−κR/2 − κB+e

κR/2 + κB−e
−κR/2) +

1

2m∗a
Sz2Ce

−κR/2 = 0. (11b)

Together this is a system of four equations for four coefficients, and in general this imposes a secular equation on the
eigenvalue κ. After algebra we find

(
cothκR+ 1 +

Sz1
κa

)(
cothκR+ 1 +

Sz2
κa

)
− 1

sinh2 κR
= 0. (12)

The bound state energy is one again found to be

E[S1, S2] = − h̄
2κ2

2m∗
(13)

where κ is found by solving the above equation in terms of the Sz1 , Sz2 . We can then calculate the energy of the different
spin configurations as well as the wavefunctions. For the case of antialigned defect spins Sz1 = +1, Sz2 = −1, we find
the bound state is essentially connected to the single-defect bound state located on Sz2 , as clearly seen by taking the
separation to be large, in which case the bound state energy essentially recovers the single-defect energy. On the other
hand, the bound state for the two aligned defects has an energy which is lower than the single-defect energy even up
to large separations, supporting the idea that when the defects are spin aligned they allow for a greater delocalization
of the bound states and thus are energetically favorable beyond the single-defect binding energy. This would support
the idea that defect spins actually interact through exchange of their bound magnetic polarons, and exhibit a genuine
phase transition [2–8]. However, in order to investigate this more thoroughly we need to consider a more complicated
model which accounts for the role of non-contact interactions, multiple carriers, and carrier interactions. It is also
still to be seen whether this model can explain quantitatively the strongly asymmetric broadenings of the defect lines.
This is an interesting problem which we leave to future studies.
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