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Understanding the stability limitations and defect formation mechanisms in 2D magnets is es-
sential for their utilization in spintronic and memory technologies. Here, we correlate defects in
mono- to multilayer CrSBr with their structural, vibrational and magnetic properties. We use reso-
nant Raman scattering to reveal distinct vibrational defect signatures. In pristine CrSBr, we show
that bromine atoms mediate vibrational interlayer coupling, allowing for distinguishing between
surface and bulk defect modes. We show that environmental exposure causes drastic degradation in
monolayers, with the formation of intralayer defects. Through deliberate ion irradiation, we tune the
formation of defect modes, which we show are strongly polarized and resonantly enhanced, reflecting
the quasi-1D electronic character of CrSBr. Strikingly, we observe pronounced signatures of spin-
phonon coupling of the intrinsic phonon modes and the ion beam induced defect modes throughout
the magnetic transition temperature. Overall, we demonstrate that CrSBr shows air stability above
the monolayer threshold, and provide further insight into the quasi-1D physics present. Moreover, we
demonstrate defect engineering of magnetic properties and show that resonant Raman spectroscopy
can serve as a direct fingerprint of magnetic phases and defects in CrSBr.

Introduction. Atomically thin van der Waals (vdW)
materials are highly sensitive to defects [1, 2] due to
their high surface to volume ratio, enabling opportu-
nities to engineer electronic, [3, 4] optical, [5–7] and
magnetic properties through the deliberate introduction
of defects. [8, 9] While electronic and optical proper-
ties of induced defects have been extensively studied
in graphene [10] and semiconducting transition metal
dichalcogenides (TMDCs), [1, 5–7, 11–13] tailoring the
magnetic properties of such vdW materials through de-
fect engineering remains challenging. [8, 9, 14–19] Com-
mon strategies like introducing defects [14–16] or mag-
netic dopants [8, 9, 17–19] are usually accompanied by
random disorder that deteriorates desirable correlated
electronic and optical properties. [9, 18, 19] The ability
to engineer magnetic properties is valuable for creating
spin textures or magnetic orders for application in nano-
spintronics and memory devices. [20–23]

Recent discoveries of layered vdW magnets [24, 25] pro-
vide unique means to engineer artificial magnetic phases
or textures. [20–23] However, microscopic studies in
archetypal magnets like CrI3 [24] and CrGeTe3 [25] have
been challenging owing to poor air stability. [26] A par-
ticularly promising candidate material is the vdW mag-
netic semiconductor CrSBr. [27–30] CrSBr has created
substantial interest for magnetic property engineering
due to its anticipated air stability down to the few-layer
limit and bulk single-particle gap of ⇠ 1.6 eV paired with
A-type antiferromagnetism. [30, 31] The combination of
magnetic and semiconducting properties manifests in cor-

related magneto-transport [30, 32] and magneto-optical
effects. [31, 33–35] CrSBr also shows strongly anisotropic
electronic transport in multilayers [36] owing to its quasi-
1D electronic structure and weak interlayer hybridiza-
tion. [31] Moreover, a defect-induced magnetic order is
observed in magneto-transport [32] and magnetometry
measurements. [30, 32, 35, 37, 38] Additionally, nar-
row optical emission from defects was identified and
found to correlate with the defect-induced magnetic or-
der. [35] These properties, in combination with the re-
cently demonstrated ability to change local structure in
CrSBr under the electron beam, [23] provide exciting op-
portunities for engineering optically accessible magnetic
phases.

Critical to ongoing research and applications of CrSBr
is a fundamental understanding of defects and mate-
rial stability limitations down to the monolayer (1L)
limit. While in the literature air stability has been
suggested, [23, 30, 31, 33, 35, 39] some works have ob-
served degradation in few-layer CrSBr. [32, 36] The ex-
act degradation mechanisms remain unknown and a sys-
tematic study on the long term stability of CrSBr from
the 1L to the bulk is lacking. Crystal stability is usu-
ally critical in halogen containing compounds, [24] with
structural, electronic, and magnetic properties affected
in device fabrication recipes. Moreover, resonant Raman
spectroscopy is commonly used as a direct fingerprint of
defects in vdw materials like graphene. [40, 41] While
some works report on three distinct phonon modes in
CrSBr, [23, 31, 33, 39, 42] a joint group theoretical and
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experimental analysis on the phonon modes in CrSBr
is lacking. Moreover, the spin-phonon coupling, layer
dependence, and in particular, the effect of defects on
the phonon modes have not been addressed in the litera-
ture. Such insights are important to further elucidate on
the mechanisms of the recently observed exciton-magnon
coupling in CrSBr. [43]

In this work, we uncover the structural and vibra-
tional properties of defects in CrSBr by resonant Raman
scattering (RRS) and scanning transmission electron mi-
croscopy high-angle annular dark-field (STEM-HAADF)
imaging. First, by combining experiment and theory we
identify the three dominant out-of-plane phonon modes,
A1

g, A2
g, and A3

g, in pristine CrSBr that exhibit a vary-
ing degree of interlayer vibrational coupling. Next, we
track the long term-stability of CrSBr as well as the
impact of defects formed via helium ion (He+) irradia-
tion from 1L to bulk and identify three distinct defect
modes, labeled D1, D2 and D3. Mode D1 likely corre-
lates with surface related bromine defects from hydrolysis
while mode D2 and D3 likely correlates with intralayer
related defects from the chromium/sulfur matrix. We
observe a drastic stability difference between 1L and 2L
CrSBr explained by observing the D3 mode in the 1L.
We demonstrate that these defect modes show electronic
resonance effects further underpinning the importance of
the quasi-1D electronic structure of CrSBr. Finally, in
temperature dependent RRS, we observe a pronounced
spin-phonon coupling throughout the magnetic transi-
tion of CrSBr of both the intrinsic and the He+ beam
induced defect modes. Our results demonstrate that 2L
and thicker CrSBr is highly air-stable under low humidity
and at room temperature. This work provides strategies
for controllably inducing defects and magnetic properties
in CrSBr, demonstrates RRS as a sensitive probe for de-
tecting defects, dopants, or disorder that breaks crystal
symmetry and their related spin-phonon coupling, and
underpins CrSBr as an ideal candidate material with po-
tential to study defect engineered magnetic phases.

Resonant and non-resonant Raman scattering
in CrSBr. We begin by discussing the vibrational prop-
erties of pristine CrSBr, building upon previous work
which identified three main phonon modes. [33, 39, 42]
CrSBr possesses an orthorhombic crystal structure with
a Pmmn space group and D2h point group. Individual
layers are composed of two planes of chromium and sul-
fur atoms sandwiched by bromine atoms (see Fig. 1a).
CrSBr can readily be exfoliated down to the 1L limit (see
Fig. 1b) and the layer number is determined via atomic
force microscopy and optical phase contrast (see SI Fig. 1
and 2, Methods). Flakes display a rectangular, needle
structure as a result of the strong crystal anisotropy with
the a axis pointing along the direction of the needle.

As the unit cell of CrSBr contains 6 atoms, we an-
ticipate 18 phonon modes in the first Brillouin zone (see
Fig. 1c). Figure 1d shows the phonon dispersion and cor-

responding elementary resolved phonon projected den-
sity of states (PDOS) of 1L CrSBr calculated with den-
sity functional theory (DFT) (see Methods). The phonon
dispersion shows the expected 18 phonon modes. The ir-
reducible representation of phonon modes at the � point
of the Brillouin zone is

� = 3Ag ⌦ 2B1u ⌦ 3B2g ⌦ 2B2u ⌦ 3B3g ⌦ 2B3u . (1)

Only 15 phonon modes are included in the irreducible
representation, as the first B1u, B2u, and B3u modes
are acoustic with a zero frequency at the � point (see
Fig. 1d). Of the remaining modes, the Ag, B2g, and B3g

modes are Raman active with the Raman tensors for a
Pmmn space group symmetry. [44]

R(Ag) =

0

@
a

b

c
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@ f

f

1

A . (2)

From the Raman tensors, only the three Ag modes are
anticipated to be detected in first order Raman scatter-
ing, also due to the absence of B2g and B3g modes in this
particular structure that generally show very weak inten-
sity, further reflected by our calculations (see SI Fig. 4).
The representation and Raman active modes agree with
that of previously investigated orthorhomic layered mag-
nets, such as TiOX (X = Cl, Br), [45] FeOCl, [46]
VOCl [45] and CrOCl. [47]

Figure 1e depicts the calculated atomic displacements
of the A1

g, A2
g, and A3

g modes in a 2L. The modes cor-
respond to chromium, sulfur, and bromine out-of-plane
lattice vibrations but with varying interlayer/intralayer
character. This is directly reflected by the elemen-
tal contributions to the phonon branches in the PDOS
(see Fig. 1d). Generally branches at lower energies (<
180 cm�1) exhibit significantly more contribution from
bromine to the PDOS. Since bromine atoms reside at
the top and bottom of each individual layer, with sul-
fur and chromium atoms in the middle (see Fig. 1a), the
vibrational interlayer coupling in multilayer CrSBr is me-
diated by the bromine atoms with the highest interlayer
character for the A1

g mode and the lowest for the A3
g mode

(see Fig. 1e).
Next, we collect Raman spectra using two different

laser energies of EL = 2.33 eV and EL = 1.58 eV on
a bulk flake (see Fig. 1f). To account for the crystal
anisotropy of CrSBr, we co-polarize excitation and de-
tection either along the a axis or the b axis. When excit-
ing at EL = 2.33 eV, the energy is far above the single-
particle gap which we refer to as the non-resonant excita-
tion. Here, we observe three modes with clear Lorentzian
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FIG.| 1. Phonons and interlayer vibrational coupling in CrSBr. a, Schematic crystal structure of CrSBr along the a,
b and c axes b, Optical microscope images of 1L to bulk CrSBr exfoliated on SiO2/Si substrates. c, First Brillouin zone of 1L
CrSBr. d, DFT calculated phonon dispersion of 1L CrSBr and corresponding phonon density of states of chromium (shown
in blue), sulfur (yellow) and bromine (red). e, Atomic displacements of the three Raman active Ag modes for 1L CrSBr, with
two 1L stacked as to display the interlayer coupling. The A1

g and A2
g modes involve bromine atoms that mediate vibrational

interlayer coupling, whereas the A3
g mode only shows a slight bromine contribution thus a low interlayer coupling. f, Raman

spectra of bulk (⇠ 15 nm) CrSBr with a non-resonant (EL = 2.33 eV) and resonant (EL = 1.58 eV) excitation. All three
Ag modes are observed in both excitations with the additional resonant modes, highlighted with *, observed for the resonant
excitation. g, Layer dependent Raman spectra from the 1L to the bulk for resonant excitation. h, Corresponding Raman mode
positions as a function of layer number.

lineshape that we identify as the A1
g, A2

g, and A3
g modes

with frequencies of 114 cm�1, 244 cm�1 and 344 cm�1.
In contrast, for excitation at 1.58 eV, the excitation

laser is on resonance with the single-particle band gap
at ⇠ 1.56 eV [31] and also energetically close to the
room temperature exciton emission at ⇠ 1.29 eV (see SI
Fig. 5). We observe that the three Ag modes deviate
from the pure Lorentzian lineshape. Moreover, additional
peaks appear in the spectrum which likely originate from
resonant electron-phonon or exciton-phonon coupling ef-
fects. The most striking feature is a Fano lineshape in
the A2

g mode that has recently been attributed to a van
Hove singularity from the quasi-1D electronic conduc-
tion band character of CrSBr. [31] For both resonant and
non-resonant excitation, we observe that the A1

g and A3
g

modes are polarized with a maximum intensity along the
b axis with the A2

g mode polarized along the a axis. We
also observe that the resonant modes are strongly polar-
ized along the b axis, and vanish for polarization along
the a axis (see Fig. 1f and SI Fig. 6).

The more detailed spectral response for resonant ex-
citation is consistently observed down to the 1L (see
Fig. 1g). Moreover, the A1

g and A2
g mode frequency

are layer dependent with an energy red shift with de-
creasing layer number (see Fig. 1h), in contrast to the
layer independent energy shift of the A3

g mode. Since
bromine atoms form the outer layers within each cova-
lently bonded 1L, they also mediate vibrational inter-
layer coupling between layers. A stiffening with increas-
ing layer number of Raman peaks is commonly observed
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FIG.| 2. Vibrational and structural signatures of defects in 1L and few-layer CrSBr. Raman spectra of a, 1L,
b, 2L, c, 3L pristine CrSBr and after exposure to ambient, water, heating and He+ irradiation. The laser energy is resonant
excitation at EL = 1.58 eV. The excitation polarization is linearly polarized with no analyzer in the detection. d, Optical
microscope images of 1L, 2L, and 3L CrSBr flakes prior to and after submerging in water for 3 days. Scale bars represent 5 µm
for the 1L and 10 µm for the 2L/3L image. e, STEM-HAADF image showing the interface between 1L and 2L CrSBr after
heating at 80 °C for 5 minutes and exposure to water for 1 minute. The 2L shows crystallinity but the 1L strong disorder.
The image is collected at a beam energy of 200 keV and a beam current of 60 pA and an acquisition time of 10 s. f, Schematic
illustration of the four most prevalent types of defect mechanisms in CrSBr.

as a result of increased interlayer vibrational interactions
which result in a larger restoring force. [48, 49] This be-
comes most apparent from the A3

g mode that remains rel-
atively constant suggested by weak bromine lattice vibra-
tions and thereby weak interlayer character (see Fig. 1e)
in excellent agreement with the calculated PDOS (see
Fig 1d).

Stability tracked from defect modes. After estab-
lishing the structural and vibrational properties of pris-
tine CrSBr, we now investigate the influence of defects
on the 1L and few-layer vibrational response for reso-
nant excitation at EL = 1.58 eV. Given that CrSBr may
be exposed to air, water, and heating in device fabrica-
tion, we collect Raman spectra of samples over several
months either exposed to air, heated at 105 °C for 5 min-
utes and subsequently exposed to air or submerged in
water. We additionally use He+ irradiation with vary-

ing concentrations as a more controlled means of form-
ing defects, which has been previously used to engineer
defects in 2D materials such as graphene [50, 51] and
MoS2. [5, 7, 52, 53]

Figure 2a-c shows the direct comparison of Raman
spectra prior to any treatment (pristine), after ambient
exposure, heating, heating and subsequent ambient expo-
sure (flake that was initially heated then left in ambient),
water exposure, and He+ irradiation. For comparison,
spectra are normalized to the A1

g mode. In all spectra,
the Ag modes remain clearly visible, even after exposure
to heat, ambient, and He+ irradiation for all layer num-
bers. However, several distinct features emerge in the
spectra that suggest the presence of defects in CrSBr.

For all spectra, we detect a peak shoulder at ⇠ 5 �
10 cm�1 below the A

1
g mode that we denote as the D1

mode. With increasing disorder, this mode increases in
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intensity and is more prominent in thinner flakes, thereby
flakes that exhibit a greater surface to volume ratio. This
already suggests that the D1 mode is related to surface
effects. We note that the D1 mode overlaps with the
first resonant mode, which is observed most prominently
in the bulk spectra. Given that the D1 mode is enhanced
in thinner flakes and increases in intensity with disorder,
this suggests a defect related origin rather than just a
resonant mode. However for thicker flakes at low defect
levels, differentiating between D1 and R1 contributions
remains challenging.

Additionally, the 1L after heating and ambient expo-
sure shows a distinct peak, emerging blue shifted from
the A3

g at ⇠ 350 cm�1 which we label D3. This peak
is exclusive to the 1L for ambient exposure and heating.
Immediately after exfoliation, this peak is not present,
but emerges and increases in intensity over time left in
air, eventually surpassing the A3

g mode in intensity (see
SI Fig. 8 a and d). While this mode does not promi-
nently show up in any layer number other than the 1L,
He+ irradiation induces a spectrally broader but simi-
lar feature in the 2L, 3L, and also bulk CrSBr (see SI
Fig. 12). Generally, the data suggest similarities in the
defects present in the different layer numbers but also
show a strong difference between 1L and the few-layer
flakes.

Both air and water exposure yield the D1 defect mode,
suggesting a similar defect mechanism. Focusing on
the peak splitting in the A1

g mode, we observe that D1
emerges at a more accelerated rate for flakes completely
submerged in water compared to those left in air with
low humidity ⇠ 55% (see SI Fig 11). As water is present
in ambient air, it is likely a significant source of surface
related defects in CrSBr. This is also suggested by the
stronger modification in thinner layers. Moreover, the
emergence of the D3 mode in the 1L that only shows up
in few-layers upon He

+ irradiation suggests a different
defect origin that is not surface related, which we will
discuss in detail below.

To further test the hypothesis of flake degradation in
water and the drastic 1L to 2L stability difference, we use
high-angle annular dark field scanning transmission elec-
tron microscopy (STEM-HAADF) and also take optical
microscope images prior to and after water exposure to
detect subtle changes in flake contrast. After submerg-
ing 1L, 2L, and 3L CrSBr in water for three days, only
the 1L shows drastic contrast changes in optical micro-
scope images (see Fig. 2d). This differs from 2L and 3L
flakes, which remain structurally preserved in water with
only contamination from the water similar to the SiO2

substrate surface. We underline this observation by col-
lecting STEM-HAADF images of 1L and 2L CrSBr (see
Fig. 2e). During the flake transfer process onto the TEM
grid, the CrSBr is heated to 80 °C for 5 minutes and ex-
posed to water for 1 minute. We observe a very stark
difference in stability between the 1L and the 2L. The

2L retains its crystallinity while the 1L becomes more
amorphous with visible large defect clusters and holes.

In order to elucidate the defect features in the Raman
spectra and understand the differences in stability be-
tween 1L and 2L flakes, we now discuss different sources
and types of disorder relevant in CrSBr as schematically
illustrated in Fig. 2d:

(i) Substrate induced effects. The SiO2 substrate is
known for charge trapping due to dangling bonds at
the substrate surface. [54, 55] This usually manifests
in n-type doping of 2D materials. [56] Moreover, hy-
droxyl groups on the SiO2 from the most common pas-
sivation can react with bromine atoms to even form
covalent bonds. The surface roughness also generates
strain resulting in atomic distortions of the CrSBr flake.
Substrate-related effects are expected to be most domi-
nant for the 1L.

(ii) Intrinsic defects from the growth. Our CrSBr
crystals exhibit a high intrinsic bromine vacancy con-
centration of 1013cm�2 and a low concentration of de-
fects tentatively attributed to chromium/sulfur defects of
⇠ 3 · 1011cm�2. [35] From initial experiments, as-grown
bulk CrSBr shows n-type behavior in transport studies
with a density > 1013cm�2 [32] that is similar to the Br
vacancy concentration and is suggestive for the origin of
n-type doping in CrSBr.

(iii) Defects within the bulk that are not surface re-
lated. Those defects can be induced by heating or ion
irradiation. The former is more likely to create bromine
vacancies due to the low defect formation energy, [35]
while ion irradiation is expected to substantially increase
the concentration of sulfur and chromium vacancy de-
fects, as suggested by Sputtering Range of Ion in Matter
(SRIM) simulations (see Methods). [57]

(iv) Surface chemistry and defect functionalization.
Since the surface of CrSBr consists of bromine atoms,
surface chemistry involving water and halogens is a likely
mechanism for defect generation. Halogens are com-
monly known to be reactive especially in presence of wa-
ter and oxygen that can displace bromine. Hydrolysis
from water would result in hydroxyl groups displacing
bromine and docking at the vacant bromine sites. More-
over, vacancies in general offer open sites where various
atomic or molecular species can be chemisorbed during
ambient or water exposure. This likely is similar to the
degradation mechanisms in CrI3, where hydrolysis and
oxidation were demonstrated to result in the formation
of Cr(OH)3 and CrO3 respectively. [58] Given that in
this work, water and air exposure yield a similar defect
response, we hypothesize that hydrolysis is the primary
defect mechanism observed also given the strong effect
when submerged in water.

For a 1L flake, the entire layer is highly susceptible to
surface effects (iv), with one side exposed to the substrate
and the other exposed to ambient conditions, whereas for
the 2L only half of the layers’ surfaces are exposed and
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FIG.| 3. Defect modes and phonon confinement in He+ irradiated 1L and few-layer CrSBr. Raman spectra of a,
1L and b, 2L and c, 3L CrSBr irradiated with different He+ doses and resonant excitation (EL = 1.58 eV). The position of the
Ag modes and He+ induced defect modes D1, D3 and D⇤ are highlighted, respectively. d, Normalized Raman spectra of 1L
to bulk flakes all irradiated at a dose of � ⇠ 5 · 1015cm�2. e-g, STEM-HAADF images of 4L CrSBr irradiated at He+ doses of
� = 2 · 1014cm�2, 1.2 · 1015cm�2 and 8 · 1015cm�2. Inset shows the corresponding FFT.

for the 3L only one third, etc. Consequently, surface
and interface defect mechanisms will have a more pro-
nounced effect on the overall stability and Raman spec-
tra for 1L flakes. Only the 1L displays the D3 mode
splitting in the A3

g mode after air exposure and heat-
ing. As the A3

g mode corresponds primarily to sulfur and
chromium atomic displacements, this suggests that the
D3 mode similarly arises from intralayer defects related
to chromium and sulfur also in line with the observation
in 2L and 3L after He+ irradiation (see Fig. 2a-c). It is
likely that the large surface to volume ratio in the 1L re-
duces the barrier to form chromium and sulfur vacancies
more readily.

Controlled defect generation by He+ irradia-
tion. The vibrational defect signatures from He+ ir-
radiation suggest that defects related to chromium and
sulfur play a role in mode D3. We therefore continue to
study the impact of He+ irradiation for CrSBr more in
depth, since this technique is more likely to substantially

increase chromium and sulfur vacancy defects.
We irradiate large areas on 1L to bulk CrSBr with

He+ doses ranging from 1012 to 1016 ions/cm�2. Fig-
ure 3a-c present Raman spectra at each dose for 1L, 2L
and 3L CrSBr (see SI Fig. 12 for 4L and bulk CrSBr).
For increasing He+ dose, we observe new features, a con-
sistent peak broadening, and ultimately decreasing Ra-
man signal at critical He+ doses of � > 1016cm�2. This
is expected as higher concentrations of defects reduce
the crystallinity of CrSBr. As discussed earlier, bromine
point vacancies exist at a high density in ’pristine’, non-
irradiated bulk CrSBr. [35] Consequently there is already
an imbalance of point vacancy type prior to He+ irradia-
tion. Through He+ irradiation, we expect the formation
of more vacancies, both in bulk inner layers (type iii)
and at the surface (type iv). According to SRIM simula-
tions, [57] the sputter yield for a 1L of CrSBr supported
on a SiO2 substrate of chromium, sulfur, and bromine are
0.95%, 1.25%, and 1.85%, respectively after irradiation.
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Thus, we expect the formation of point vacancies from
all atom types.

Furthermore, the enhanced intensity of the D3 mode
with increasing He+ dose is in excellent agreement with
chromium/sulfur defects that are expected to scale with
the He+ dose. Indeed, we furthermore confirm a decrease
in sulfur atom concentration for an increased He+ dose by
performing Nano Auger spectroscopy on irradiated mul-
tilayer flakes (see SI Fig. 14). In contrast, the change in
chromium composition is weak even at high He+ doses.
This suggests that chromium is not fully removed but
rather displaced into interstitial positions also in agree-
ment with a high defect formation energy. [35]

Going to high He+ doses (� > 1015cm�2), we further-
more detect one broad band at ⇠ 90� 100cm�1, labeled
as D⇤. While both D1 and D

⇤ emerge near the A1
g mode,

they appear to be distinct defect signatures. This is most
prominently observed in the irradiated 2L and 3L where
the D1 mode can be clearly seen at moderate He+ doses
(⇠ 1012 � 1015cm�2) followed by the broad D

⇤ mode at
the highest doses. We systematically observe the same
defect modes for all layer thicknesses (see Fig. 3d) irra-
diated at a similar He+ dose of ⇠ 5 · 1015cm�2. As the
multilayer spectra has a higher signal, we observe more
clearly an additional defect mode red-shifted from the
A2

g mode, denoted as D2. Due to the overlapping Fano-
like lineshape in the A2

g mode, this mode is less distinct
in thinner flakes yet is likely still present as seen by the
broadening near the A2

g mode with increasing defect con-
centration. From our data, it is evident that samples of
all thicknesses show a similar defect response but with
thinner samples showing higher degradation at the same
irradiation dose.

We continue by probing the structural changes of
CrSBr collecting STEM-HAADF images of a 4L CrSBr
flake irradiated at � = 2 ·1014, 1.2 ·1015, and 8 ·1015cm�2

(see Fig. 3e-g). For a low dose (� = 2 · 1014cm�2)
where RRS shows the D1 and D3 mode but not the
D

⇤ mode, we observe point like vacancy defects, visible
through intensity changes in individual atomic columns
(see Fig. 3e). In contrast for higher doses (� > 2 ·
1015cm�2) where we observe the D

⇤ mode, the He+ ir-
radiation prompts the formation of larger defect clus-
ters and an increase in disorder. The increasing degree
of amorphization is also apparent from the Fast Fourier
transform (FFT) of the corresponding STEM images.
Here, low dosed flakes yield clear crystal lattice reflec-
tions, whereas at higher defect concentrations, reflections
blur showing a larger degree of amorphization. Indeed,
for an increasing dose the overall crystal structure evolves
towards smaller crystalline regions embedded in an amor-
phous matrix (see Fig. 3g).

This observation is commonly associated with a
phonon confinement with a breakdown of the Raman se-
lection rules. In nanostructured materials where phonons
can become confined in real space, the momentum con-

servation rule is lifted and phonons can spread in mo-
mentum space commonly resulting in the activation of
additional phonon modes. [59, 60] This intuitive picture
is successfully applied to describe defective 2D materials,
and it has been used to elucidate the Raman spectra of
irradiated MoS2 [5, 61, 62] and graphene. [63] As men-
tioned earlier, we observe the D

⇤ defect mode upon He+
irradiation in the regime where we observe the formation
of nanocrystals in STEM-HAADF (see Fig. 3g). There-
fore, we hypothesize that this mode is either a defect-
activated B2g mode at the � point or due to scattering
at another high symmetry point in the Brillouin zone
with high PDOS. [5, 61, 62]

Given that chromium is magnetic and sulfur is impor-
tant for mediating exchange interactions in CrSBr, [64]
such defects would significantly impact magnetic order-
ing. We observe that chromium and sulfur defects form
upon air exposure for 1L CrSBr, implying less stable
magnetic ordering. This is in agreement with a previous
observation that the sign and magnitude of the magne-
toresistance of a 1L CrSBr device changed after several
days of air exposure. [32] Consequently, we anticipate
unstable magnetic properties for 1L CrSBr exposed to
ambient conditions or heating but stable magnetic or-
dering for flakes above the 1L threshold. However, our
observation of chromium and sulfur related defects at
high He+ doses implies that helium ion irradiation can
be used to modulate magnetic properties in CrSBr above
the 1L threshold.

The ability to generate localized defects at varying con-
centrations in CrSBr through helium ion irradiation al-
ready shows promise for realizing engineered magnetic
phases and textures. Furthermore, we demonstrate that
RRS is a powerful tool to detect defect types in varying
defect concentration regimes in this material.

Resonant enhancement and polarization of de-
fect modes. Now that we have established He+ irradi-
ation as technique to deliberately control the defect den-
sity, we continue using irradiated CrSBr as a platform to
study the effect of the electronic structure onto the reso-
nance physics of the defect modes. In particular, we are
now interested in the polarization dependence of the de-
fect modes and the influence of the resonance condition
emerging from the quasi-1D electronic structure on the
mode intensity. Resonance effects of defect modes are
excellent fingerprints in graphene due to the absence of
an energy gap. [40, 41] Already, we showed that the res-
onant Raman modes in pristine CrSBr (see Fig. 1f) are
strongly polarized along the b axis (SI Fig. 6). We anal-
ogously study vibrational signatures of defects in a He+
irradiated 4L CrSBr at a dose of � = 2 ·1014cm�2 for res-
onant and non-resonant excitation where we observe the
D1 and D3 defect modes (in regime of point vacancies).
Figure 4a and b show false color contour plots of polar-
ized Raman spectra ranging from 0°to 360° taken with
resonant and non-resonant excitation. Selected spectra
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from 0°(k b axis) to 90°(k a axis) are depicted in a water-
fall representation in Fig. 4c and d.

Comparing the excitation conditions we make two
main observations. First, both the intensity of the D1
and D3 defect modes are greatly enhanced under res-
onant excitation, while for non-resonant excitation, the
defect peaks are significantly less prominent (D3) or even
absent (D1). Second, both D1 and D3 defect modes
are polarized along the b axis, similar to the A

1
g and

A
3
g modes (see Fig. 4e and f). We can quantify the

polarization of the modes by the degree of polarization
⇢ = (Ib�Ia)/(Ib+Ia) with Ib and Ia as Raman intensity
for the laser co-polarized along the b and a axes, respec-
tively. The degree of polarization of the D3 mode for
resonant excitation is close to unity ⇢ ⇠ 99%, while it
reaches only ⇢ = 49% for non-resonant excitation.

Both intensity enhancement and strong polarization
are signatures of resonance effects. Resonance effects are
usually rather complex with different potential origins.
The strong electronic anisotropy and quasi-1D electronic
character of CrSBr around the band edge provide a large
number of electronic states that can act as real interme-
diate electronic transitions for the Raman process. [31]
Moreover, the material exhibits excitons with high bind-
ing energies in the bulk that show photoluminescence at
room temperature (see SI Fig. 5). CrSBr has shown
pronounced coupling between excitons and phonons that
can also act in exciton-phonon coupling processes. [31]
Moreover, the presence of vacancy defects, e.g. VBr, VS

or VCr, can induce electronic midgap states with donor
and acceptor levels close to band edges. [35] Such defect
levels can provide additional pathways in the scattering
process when occupied with an electron or when trap-
ping an exciton. [65–67] Pinning down the exact origin
of the enhancement is non-trivial. However, quasi-1D
electronic structure, free and localized excitons, and oc-
cupied defects can play a role in the resonance effects.
The observation of strong polarization along the b axis
suggests that the electronic structure of CrSBr dominates
the phonon scattering process. Moreover, the clear elec-
tronic origin for the resonance effects rules out phonon
confinement effects as origin for the D1 and D3 modes.
This is also in excellent agreement with the point vacancy
defect regime from STEM-HAADF (see Fig. 3e).

Spin-phonon coupling in CrSBr. After demon-
strating the ability to controllably introduce and probe
defects in CrSBr, we now study the spin-phonon coupling
of both the intrinsic phonon modes and the defect modes
via temperature dependent RRS. To this end, we mea-
sure a 3L of CrSBr, both pristine and He

+ irradiated
with a dose of � = 8 · 1014cm�2. Figures 5a-d show the
full Raman temperature evolution from 103K to 400K
in a contour plot and the corresponding waterfall repre-
sentation.

Beginning with pristine CrSBr (see Fig. 5a and b),
we observe several distinct changes of the phonon modes
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FIG.| 4. Resonantly enhanced defect modes in He+

irradiated 4L CrSBr. a, False color contour plot of co-
linearly polarized Raman of irradiated 4L CrSBr from 0-360
degrees for resonant excitation at EL = 1.58 eV. Angles of
0, 180 and 360 degrees correspond to the b axis while 90 and
270 degree correspond to the a axis. The irradiation dose
is 2 · 1014cm�2. b, Selected Raman spectra from 0 to 90
degrees. c, False color contour plot of co-linearly polarized
Raman of irradiated 4L CrSBr from 0-360 degrees for non-
resonant excitation at EL = 2.33 eV. The irradiation dose is
2 ·1014cm�2. d, Selected Raman spectra from 0 to 90 degrees.
e, Polar plot of the A3

g and the D3 mode showing polarization
along the b axis with a high degree of polarization of ⇢ ⇠ 99%,
respectively. f, Polar plot for non-resonant excitation shows a
polarization along the b axis with a high degree of polarization
for the A3

g mode but a low one for the D3 mode (⇢ ⇠ 49%).

with respect to their intensity, lineshape and frequency,
in particular throughout the temperature range that is
associated with the onset of intralayer correlations (Curie
temperature TC = 160K) and the interlayer correlations
(Néel transition TN = 134K). [30] Most strikingly, we
observe a strong increase of the A

1
g mode intensity below

TC that saturates at TN (see Fig. 5e). This is similarly
prominent for the A

2
g mode but less pronounced in the

A
3
g mode (see Fig. 5b). Moreover, while all A modes

show an expected mode stiffening as the lattice temper-
ature is decreased, all mode frequencies remain constant
for T  TN . This behavior below TN deviates from
the anharmonic temperature dependence of phonons. [68]
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mode intensity of pristine and irradiated material as a function of temperature. The antiferromagnetic (AFM), intermediate
ferromagnetic (iFM) and paramagnetic (PM) regime are marked. f-h, Temperature evolution of the mode position of A1

g, A2
g

and A3
g for pristine and He+ irradiated CrSBr. i, Temperature dependent intensity of the He+ induced D3 defect mode.

The A
2
g mode shows the most intricate dependence with

a discontinuity of the mode position between TC and
TN (see Fig. 5g), a temperature range associated with
an intermediate ferromagnetic (iFM) regime. [33] This
mode unlike A

1
g and A

3
g, shows a maximum intensity

along the a axis (see Fig. 4) and has also been re-
ported to be strongly interacting with the quasi-1D elec-
tronic structure of CrSBr. [31] Due to this pronounced
electron-phonon interaction, the A

2
g mode likely reacts

the strongest to the onset of magnetic correlations that
change the electronic band structure when transitioning
from the paramagnetic (PM) throughout the iFM phase
to the antiferromagnetic (AFM) phase. [34] Moreover, a
new mode appears at ⇠ 365 cm�1 for T < 230K that
becomes more intense for T < TC , labeled as M

⇤.
Next, we discuss the irradiated 3L (see Fig. 5c and

d). The Ag modes show the same intensity enhancement
and temperature evolution of mode position suggesting

that the bulk magnetic properties are maintained for this
dose (see Fig. 5f-h). At room temperature, we observe
the expected D1, D2, and D3 defect modes with intensity
signatures that are less pronounced as compared to the
Ag modes. Cooling below TC , D2 and D3 show a strong
intensity increase (see Fig. 5i), eventually dominating the
spectrum below TN . The defect signature D2 that is red-
shifted from the A

2
g mode appears as two broad peaks

with frequencies of ⇠ 195 cm�1 (D2) and ⇠ 237 cm�1

(D2⇤). The increase contrasts the D1 mode which inten-
sity remains mostly unaffected at low-temperature.

The observation of drastic intensity changes below and
around the magnetic transition temperatures in combina-
tion with the anomalous mode frequencies below TN sug-
gest that the material exhibits pronounced spin-phonon
coupling effects. [68–71] We attribute the mode enhance-
ment to a spin-dependent contribution to the Raman in-
tensity of the mode that is due to the next-nearest neigh-
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bor chromium magnetic correlations that alter the Ra-
man tensor. [72] Most importantly, this increase is not
limited to the Ag modes but is also observed in the He+
induced defect modes, D2 and D3, suggesting that the
spin-phonon coupling effects are also present for the de-
fect modes. The absence of this enhancement in the
D1 mode might be due to the predominant Br contri-
bution to the atomic displacement (see Fig. 1d and e),
in contrast to chromium and sulfur for the A

2
g and A

3
g

modes. This would suggest an elemental specific depen-
dence of magneto-Raman active defect signatures. The
continuous increase of the D2 and D3 modes below TN

also suggest that the defects experience more of the lo-
cal spin structure, for example a reduction in local spin
fluctuations [38] that can potentially change their mode
intensity. The observation of such a strong magnetic cor-
relation of modes and particularly the defect modes is
interesting for engineering magnetic phases and for ac-
cessing their properties using optical probes like Raman
spectroscopy. We further note that we observe similar
defect modes as well as the M

⇤ mode also in 2L CrSBr
at 113K (see SI Fig. 15) and rule out a symmetry ef-
fect as origin from an alternating even/odd layer num-
ber. Moreover, we note that the M

⇤ mode frequency is
similar to D3 suggesting that this mode could be from
a residual defect concentration in the pristine material,
however, we cannot determine the exact origin of this
mode at this point.

Conclusions and Outlook. In conclusion, we corre-
lated the vibrational and magnetic response with atomic-
level disorder and defects in CrSBr through resonant Ra-
man scattering. We expose CrSBr to a variety of envi-
ronments revealing rich signatures of defects and their
dependence on formation conditions. We show that the
most relevant defect mechanism in CrSBr is related to
bromine atoms on the surface that are susceptible to
displacement via water (hydrolysis), resulting in the D1
mode. The observation of the D3 mode after air, heating,
and water exposure only in the 1L implies that chromium
and sulfur defects form more readily at the 1L level. How-
ever, above the 1L threshold, CrSBr is highly stable in
ambient conditions when exposure to water and heating
is limited.

Furthermore, we observe that resonant excitation
greatly enhances defect Raman signatures with a strong
polarization along the b axis, reflecting the quasi-1D
electronic structure of CrSBr. The exact origin of the
enhancement is non-trivial but can result from both
electron-phonon or exciton-phonon coupling effects. Us-
ing a tunable narrow bandwidth laser can help to selec-
tively excite excitonic transitions or other critical points
in the rich electronic structure [31] to further understand
the distinct resonance effects in this material.

Lastly, we observe a strong coupling between the spin
and lattice degrees of freedom that manifests in an
anomalous mode dependence throughout the onset of

magnetic correlations associated with an intermediate
ferromagnetic phase and the antiferromagnetic phase be-
low the Néel transition. The spin-phonon coupling effects
also extend to deliberately induced defect modes. The
rich vibrational properties, material stability, resonant
enhancement and magneto-correlated properties open
new pathways to engineer magnetic properties in CrSBr
by introducing dopants and stoichiometric changes and
to use RRS as an optical fingerprint to probe the mag-
netic phase diagram.

METHODS

Crystal synthesis

We grew CrSBr crystals by direct reaction from
chromium (99.99%, -60 mesh, Chemsavers, USA),
bromine (99.9999%, Sigma-Aldrich, Czech Republic) and
sulfur (99.9999%, Stanford Materials, USA). We mixed
the crystals in stochiometric ratio in a quartz ampoule
(35x220mm) using 15g of CrSBr and a bromine excess
of 0.5g to enhance vapor transport. We pre-reacted the
material in an ampoule using a crucible furnace at 700 °C
for 12 hours, while we kept the second end of the ampoule
below 250 °C. We repeated the heating procedure twice
until the liquid bromine disappeared. We then placed the
ampoule in a horizontal two zone furnace for the crystal
growth. First we heated the growth zone to 900 °C, while
we heated the source zone to 700 °C for 25 hours. For the
growth, we reversed the thermal gradient and we heated
the source zone from 900 °C to 940 °C and the growth
zone from 850 °C to 800°C over a period of 7 days. We
removed crystals with dimensions up to 5x20 mm from
the ampule in an Ar glovebox.

Sample fabrication

We exfoliated bulk CrSBr flakes using the Scotch tape
method onto SiO2/Si chips with an oxide thickness of
90 nm. Individual flakes and their thickness are deter-
mined by atomic force microscopy and optical phase con-
trast. We transferred selected flakes to TEM compatible
sample grids using cellulose acetate butyrate (CAB) as
polymer handle. [73] After the transfer, we dissolved the
CAB in acetone and rinsed the grid in isopropanol before
critical point drying.

Raman spectroscopy

We collected the Raman data on a Raman inVia con-
focal microscope (Renishaw). For our measurements we
used two linearly polarized laser lines at 532 nm (EL =
2.33 eV) and 785 nm (EL = 1.58 eV). The magnification
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of the microscope objective was either 50x or 100x with
a laser spot diameter of ⇠ 2 µm or ⇠ 1 µm. With the ex-
ception of the angle resolved polarization measurements,
all spectra were acquired with the excitation laser aligned
to the b axis. For the polarization resolved measurements
we co-aligned excitation and detection polarization. We
changed the polarization angle by rotating the sample
on a rotation stage. For the measurement we used 10 s
integration time and average a total of 20 spectra to in-
crease the signal to noise ratio. We subtracted a back-
ground spectrum taken next to the CrSBr on the SiO2/Si
substrate at the same conditions. For the temperature
dependent measurements, we used a Linkam THMS600
stage.

Helium ion microscopy

We performed controlled He+ irradiation in an ORION
NanoFab (Zeiss). We used the same irradiation approach
for both free standing and supported samples. The beam
energy was 30 keV, the beam current was 1 pA with a
pixel spacing of 5 nm or 10 nm. The dwell time was set to
1 µs and for adjusting the ion dose, we varied the number
of repeats writing a defined two-dimensional area. In
order to ion irradiate the entire region illuminated by
the focused laser spot with a diameter of ⇠ 1� 2 µm, for
our optical experiments we irradiated a large area of a
minimum of 3 µm x 3 µm.

STEM imaging

We performed STEM imaging in a probe-corrected
Thermo Fisher Scientific Themis Z G3 60-200 kV S/TEM
operated at 200 kV with a probe convergence semi-angle
of 19 mrad. The probe size of the aberration-corrected
electron beam is sub-Angstrom. For STEM-HAADF im-
age acquisition, we used a collection semi-angle of 63-
200 mrad. We used a typical beam current of 60 pA
at 200 kV. Data were acquired using Velox software
(Thermo Fisher) with a typical frame size of 1024x1024
pixel and a dwell time of 500 ns/pixel.

Nano-Auger electron spectroscopy

We performed nano-Auger electron spectroscopy
(nano-AES) using the PHI Model 700 Nanoprobe (Phys-
ical Electronics). We He+ irradiated the samples directly
before transfer into the nano-Auger system and pumped
to a high vacuum of 10�12bar. Samples are located with
the SEM and we collected spectra at selected positions
in addition to elemental mappings for Cr, S, Br, O and
C.

DFT calculations

We studied bulk CrSBr using the Pmmn space group
(#59). We cut out layered models from bulk, keeping the
remaining symmetries. We kept all systems at the exper-
imental lattice vectors of bulk CrSBr (a = 3.5059 Å, b =
4.7703Å, c = 7.9620Å; [23] we only optimized atomic po-
sitions) employing density functional theory simulations
as implemented in Crystal17 program. [74] We used the
PBE0 hybrid functional [75] with D3 dispersion correc-
tion D3 and Gaussian-type POB triple-zeta basis sets [76]
for all simulations. We investigated all systems in two dif-
ferent magnetic configurations, ferro- and antiferromag-
netic, however, we found that vibrational analysis (see
below) is not affected by the spin state. For optimization
and vibrational simulations of layers, we used 12⇥ 12 k-
mesh, while for bulk we used a 12⇥12⇥6 k-mesh following
the Monkhorst-Pack scheme. We simulated phonon dis-
persion relation and density of states of 1L CrSBr using
a finite displacement method on a 3 ⇥ 3 supercell. We
calculated Raman intensities in a non-resonant regime
using a linear response approach. [77]

SRIM simulation

We simulated the sputter yield for Cr, S and Br atoms
for He+ irradiation with an energy of 30 keV using the
Sputtering Range of Ion in Matter (SRIM) software pack-
age. [57] We simulated the sputter yield for monolayer
CrSBr on 90 nm of SiO2 and thick Si (> 300 nm of SiO2).
We obtained a sputter yield of 0.95%, 1.25%, and 1.85%
for chromium, sulfur, and bromine, respectively. More-
over, we found that the sputter yield did not change for
CrSBr with up to a thickness of 10 layers (0.94%, 1.36%,
and 2.22%).
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DETERMINATION OF FLAKE THICKNESS.
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SI Fig.| 1. Atomic force microscopy a, Optical microscope image of 1L-4L CrSBr flake and b, corresponding AFM image with c
and d, thickness profiles. Here we measure the monolayer thickness as 1.51 nm, contrasting from the expected 0.791 nm thickness
for CrSBr [1]. Since flakes are exfoliated in an ambient environment, subsequently after cleaning with isopropanol, it is likely that
organic residues and water molecules are confined between the CrSBr/SiO2 interface. This would result in an increase in measured
thickness. A similar effect is commonly observed for other substrate supported 2D material interfaces, such as MoS2/SiO2. [2]
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SI Fig.| 2. Optical phase contrast. Red, green, and blue optical phase contrast (C = (Ron � Roff )/(Ron + Roff )) obtained from
optical microscope images as a function of CrSBr flake layer number. Because of the clear linear relationship and equidistant steps
of the red channel and the layer number, we use the red channel for flake thickness identification for 1L to 5L.
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CALCULATED PHONON MODES.
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SI Fig.| 3. Phonon modes in monolayer CrSBr., Schematic of the atomic displacements corresponding to the 18 phonon modes for
monolayer CrSBr obtained from ab initio calculations.
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CALCULATED LAYER-DEPENDENT RAMAN SPECTRA.
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SI Fig.| 4. Calculated Raman spectra of 1L and few-layer CrSBr. 1L to bulk ab initio calculated Raman spectra. The A1
g, A2

g and
A3

g mode positions for the bulk are highlighted. The A1
g shows a blue-shift for the 1L to the bulk in excellent agreement to the

experimental spectra shown in the main text. The splitting of the mode for the 3L, 4L and 5L originates from the surrounding vacuum
used as a boundary condition for the calculation. This in turn breaks the symmetry of the outer layers resulting in a second mode at
a slightly smaller energy. This directly shows the strong sensitivity of this mode to breaking of symmetry, e.g. by the bromine surface
defects that result in the D1 mode. In contrast, mode A2

g and A3
g show only negligible shift with the layer number owing to the

insensitivity from the absence of bromine vibrations and low interlayer vibrational coupling.
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LASER EXCITATION ENERGY DEPENDENCE AND RESONANCE CONDITION.
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SI Fig.| 5. Raman excitation energy dependence. a, Photoluminescence and Raman spectrum of bulk CrSBr obtained for excitation
at EL = 1.58 eV (red) which is on-resonance with the expected bulk single-particle band gap at Eg ⇠ 1.56 eV [3] represented with
the black line, exciton labeled as X, and Raman spectrum obtained at the off-resonant EL = 2.33 eV excitation plotted as a function
of energy prior to any background removal.b, Bulk Raman spectra at on-resonant and off-resonant excitations.
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POLARIZATION OF RESONANT RAMAN MODES.
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SI Fig.| 6. Polarization of resonant Raman modes in bulk CrSBr. a, Bulk Raman spectra aligned along the b axis, b, False color
contour plot of angle resolved polarized bulk CrSBr. At ⇠ 300 cm�1 there is an artifact in the spectra related to the SiO2/Si substrate
c corresponding polar plots of the three Ag modes and the eight resonant Raman modes (R1-R8) displaying a strong polarization
response. All data were collected in a linearly co-polarized configuration under resonant excitation conditions (EL = 1.58 eV).
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RAMAN SPECTRUM BACKGROUND SUBTRACTION.
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SI Fig.| 7. Raman background subtraction. Raman spectra before background subtraction, Raman of SiO2/Si substrate background
and spectra after background subtraction for a 1L, b 2L, and c bulk CrSBr with EL = 1.58 eV.As seen most prominently in c,
substrate subtraction may yield an artifact in the spectra at ⇠ 300 cm�1. In such cases, we exclude the artifact points from the
plotted spectra for clarity.
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TIME EVOLUTION AND STABILITY.
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SI Fig.| 8. Air stability of CrSBr. a, 1L b, 2L and c, 3L flakes over several days months of continuous air exposure for flakes as
exfoliated and d-f after heating to 105° for 2 minutes. Overall, we observe that heated flakes exhibit more degradation over comparable
air exposure times. As heating may induce more bromine vacancies, heated flakes are likely more reactive to air and water.
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SI Fig.| 9. Defect mode D1 in 5L CrSBr Raman spectra of a 5L CrSBr flake left in air over a period of several days. Similar to
flakes in Figure 2, the D1 defect mode becomes more prominent over time left in air.
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SI Fig.| 10. Defect mode D1 in 2L and 3L CrSBr. a, Defect D1 and A1
g mode with Lorentzian fits for various defective flakes. For

the 2L, the frequency difference between the D1 and A1
g mode is only ⇠ 6cm�1 yielding a more overlapping, asymmetric line shape.

This contrasts with the 3L, which has a D1 and A1
g frequency difference of ⇠ 9cm�1 resulting in a more distinct mode splitting.
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SI Fig.| 11. Development of surface related defect mode D1 in a 3L CrSBr. a, Raman spectra of CrSBr 3L over a period of 29
days submerged in water as exfoliated and b, heated to 75 °C for 5 minutes after exfoliation. c Raman spectra of CrSBr 3L over a
period of several days left in ambient as exfoliated and d heated to 105 °C for 2 minutes. e, the area of the D1 mode divided over the
area of the A1

g mode as a function of time submerged in water (corresponding to flakes in a, and b) or left in air (corresponding to
flakes in c, and d) For each flake, there is a positive linear relationship between the area ratio as a function of time, with the slopes
listed on the plot. The slope is significantly higher for flakes submerged in water versus those left in air, indicating that submerging
in water accelerates the degradation process and defect formation.
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RAMAN SPECTRA OF HELIUM ION IRRADIATED 4L AND BULK.
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SI Fig.| 12. Helium ion irradiated 4L and bulk CrSBr. Waterfall plot of Raman spectra of helium ion irradiated a, 4L and b bulk (⇠
10 layers thick) CrSBr flakes.
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NANO AUGER ELECTRON SPECTROSCOPY.
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SI Fig.| 13. Nano Auger electron spectroscopy of bulk CrSBr. Nano Auger spectrum with labeled characteristic elemental peaks for
a pristine CrSBr bulk flake.

Given the high spatial resolution of the Nano Auger microscope, are able to obtain elemental maps down to the
⇠ 100 nm range for a CrSBr flake irradiated at dose fields ranging from 1014 to 1015 ions/cm�2.Nano Auger electron
spectroscopy is also a highly surface sensitive technique with a high depth resolution of ⇠ 3 nm. Figure 14 displays the
elemental maps collected for each of the five elements of interest, with the percent increase �inc or percent decrease
�dec of each element as a function of dose. The percent increase or decrease is shown below

�inc =
Idose � Ipristine

Ipristine
(1)

�dec = ��inc (2)

with Ipristine and Idose defined as the average characteristic peak intensity over the pristine region and specified
dose field, respectively.

At each pixel in the maps, the intensity of the characteristic peak corresponding to the specified element is rep-
resented. We observe a clear weakening in the sulfur Auger peak signal, thereby decrease in sulfur concentration at
the surface of the flake, with increasing helium ion dose. This suggests that helium ion irradiation creates sulfur va-
cancies. Chromium has a strong Auger peak, however we observe little change in chromium composition even at high
helium ion doses. This implies that chromium is not fully removed from the CrSBr during helium ion irradiation. It is
possible that helium ion irradiation displaces the chromium atoms into interstitial positions or generally disturbs the
crystalline structure. On the other hand, chromium atoms are more stable in the lattice as suggested by a high defect
formation energy. [3] This is generally promising given that of the net magnetic moment arises from contributions
and interactions from chromium atoms. This would suggest that CrSBr still could have stable magnetic ordering even
at high defect doses. We also do not observe a clear trend in bromine concentration with helium ion dose. As the
characteristic bromine peak has a rather weak Auger signal, changes in bromine concentration are likely difficult to
detect. Additionally, the intrinsic bromine vacancy concentration in CrSBr is already so high [3] that irradiation may
not change the amount of bromine vacancies at the surface drastically.

Given that oxygen and carbon are abundant in ambient conditions and can be detected using Auger, elemental
maps of oxygen and carbon are obtained. Auger measurements are carried out under high vacuum, shortly after
helium ion irradiation. However, irradiated surfaces are still exposed to ambient conditions for a few minutes between
transfer from the helium ion microscope to the Nano Auger chamber. Auger maps show a clear increase in oxygen
and carbon concentration with helium ion dose. It is noted that the increase in carbon concentration may be due to
carbon deposition during helium ion irradiation. The increase in oxygen concentration at higher doses suggests that
the defective surfaces are ideal host sites for oxygen atoms. The chemisorption of atomic or molecular species onto
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SI Fig.| 14. Irradiated Nano Auger elemental maps of bulk CrSBr. a, Optical microscope image of a bulk CrSBr flake and highlighted
dose fields irradiated with different helium ion doses. b, Elemental Maps obtained via Nano Auger electron spectroscopy for oxygen,
c carbon, d sulfur, e chromium and f bromine. g, Percent increase of oxygen and carbon and percent decrease of sulfur, chromium,
and bromine as a function of helium ion dose.

CrSBr vacancy sites is a viable defect mechanism. For instance, oxygen has been shown to highly effectively passivate
sulfur vacancies in MoS2 and WS2 at ambient conditions. [4–6] Given that we observe the simultaneous increase in
oxygen and decrease in sulfur, it is likely that that the oxygen-sulfur substitution is a defect process in CrSBr.
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LOW- AND ROOM TEMPERATURE RAMAN SPECTRA OF 2L AND 3L.
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SI Fig.| 15. Pronounced spin-phonon coupling in pristine and He+ irradiated 2L CrSBr. a Resonant Raman spectra collected at
EL = 1.58 eV of pristine 2L CrSBr at 113K and 300K and b 2L He+ irradiated CrSBr irradiated at a dose of � = 8 · 1014cm�2 at
113K and 300K c pristine and d irradiated 3L CrSBr flakes at the same temperature and dose for comparison
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