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1 Methods

1.1 CrSBr ribbons

CrSBr single crystals are grown using the chemical vapor transport technique as described in Scheie et al. [1].
Nominally unstrained CrSBr ribbons are obtained by mechanical exfoliation of bulk crystals onto SiO2/Si
chips. A polycarbonate/polydimethylsiloxane (PC-PDMS) transfer stamp [2] is used to pick up exfoliated hBN,
CrSBr, and a metallized graphite micro-manipulator in sequence. See Kapfer et al. [3] for micro-manipulator
preparation. Subsequently, the completed stack is flipped onto a target SiOs/Si chip such that the CrSBr flake
and micro-manipulator are exposed. The micro-manipulator is maneuvered to deform the CrSBr flake using an
AFM operated in contact mode and the “Nanoman” software (Bruker).

We measure the thickness of different regions of the sample using AFM. We convert this measurement to a
number of atomic layers using a thickness of 0.78 nm/layer for all layers [4, 5] except the first layer, which is in

direct contact with the hexagonal boron nitride and is assumed to be 1.1-nm-thick based on the measurement.

1.2 Map of inhomogeneous strain

To calculate the inhomogeneous strain produced in the bent CrSBr ribbon, we use a coordinate system aligned
with the ribbon’s crystallographic axes before bending, as shown in Figure 1b. In this system, the a- and b-axis
represent the original crystallographic directions and z, and x; denote positions along these directions. We
obtain a map of the strain from e(xq, xp) = —1(zq, Tp)/p(x4), Where I(z4, zp) is the perpendicular distance from
the neutral axis, p(z,) = (1+ (%)2)3/2/% is the local radius of curvature, and §(z,) is the deflection of
the ribbon at a given position along the neutral axis [3]. We determine §(x,) by fitting the ribbon’s topographic
outline with a 4th-order polynomial. We then calculate a map of e(x,, 23), shown in Figure 1d, quantifying the
variation of a-axis strain in the sample plane.

On the two long edges of the ribbon, the tensile and compressive strain reach a maximum of 0.25%. A
tiny segment of ribbon near the fracture experiences the most bending, resulting in a maximum strain of
approximately 1.5%. Note that according to Cenker et al., the maximum tensile strain of this region should be
sufficient to force the magnetization into a F configuration in remanence [6]. As seen in Figure 1 of the main
text, this region remains in the AF configuration in remanence along with the rest of the ribbon. This behavior
may be because the threshold value for the tensile strain reported by Cenker et al. does not precisely apply to
our experimental situation: the temperature in our case is 4.2 K, while in Cenker et al. it is 15 K. Second, the

narrow width of this region puts the tensile and compressive regions in very close proximity. This confined area

and the large strain gradient therein may prevent the transition to the F state.

1.3 SQUID-on-lever

We fabricate the SQUID-on-lever scanning probes by sputtering Nb on a AFM cantilever and patterning its apex
via focused-ion-beam milling, as described by Wyss et al. [7]. Each hybrid AFM/SQUID sensor is characterized

and operated at 4.2 K in a semi-voltage biased circuit, in which the current response Isquip is measured by a



series SQUID array amplifier (Magnicon). Two different SQUID-on-lever sensors were used for this study. Their
effective diameters of 175 nm and 185 nm are extracted from their corresponding quantum interference patterns.

The sensors have an AC magnetic field sensitivity exceeding 5113/ =1 uT Hz'/? in the white-noise regime.

1.4 Magnetic imaging

Magnetic imaging is carried out in a custom-built scanning probe microscope operating under high vacuum
within a “He cryostat. The SQUID-on-lever scanning probe is capable of simultaneously performing non-contact
AFM and scanning SQUID microscopy. The cantilever is excited to an amplitude of Az = 16 nm at its funda-
mental mechanical resonance frequency of fy ~300 kHz by a piezo-electric actuator driven by a phase-locked
loop. Displacement oscillations are detected using a fiber-optic interferometer. A lock-in amplifier is used to
demodulate the BZ¢ signal. Since Isquip is proportional to magnetic flux, this response provides a measure of
the local magnetic field threading through the SQUID loop. Note that the axis of the SQUID is tilted by 10°
with respect to the z-axis, because the SQUID-on-lever is scanned in a standard AFM configuration designed
to easily approach the sensor tip without touching the rest of the cantilever body. As a result, both B,(x,y)
and B2°(z,y) are measured with a 10° tilt with respect to the z-axis. Simulated maps of the same quantities
take this tilt into account. The pixel size of the magnetic images varies from 35 to 65 nm and the acquisition

time is around 0.2 s/pixel. The time constant used for the B3¢ scans is 7 ~ 150 ms. We measure the response of

ac
Isquip as a function of the out-of-plane applied magnetic field ;1oH, before and after each scan for a field range
larger than that produced by the ribbon. By scanning the sample using a scanning probe controller (Specs) and
piezoelectric actuators (Attocube) at a constant tip-sample spacing of 250 nm, we map B, (z,y) and B2°(z,y)
in a plane above the sample. B2¢ & dB,/dz is measured by demodulating the SQUID-on-lever response at the
cantilever oscillation frequency. Due to spectral filtering, the resulting signal contains less noise than DC mea-
surements of B,. Spatial resolution is limited by the tip-sample spacing and by the ~180 nm effective diameter
of the SQUID loop.

In all imaging experiments, we apply a small out-of-plane field between po|H,| = 10 and 20 mT. This out-of-
plane field ensures that the SQUID sensor, whose magnetic sensitivity is field-dependent, is sensitive enough to

measure the sample’s stray fields. Each layer’s strong in-plane anisotropy should ensure that the magnetization

remains nearly unaffected by the small H, [8].

1.5 Micromagnetic simulations

We simulate the magnetization configuration of the CrSBr ribbons using the Mumaz® software package [9-11],
which uses the Landau-Lifshitz-Gilbert micromagnetic formalism with finite-difference discretization. To mimic
the layered structure of CrSBr, we set the thickness of a cell in the finite-difference mesh to the thickness of
a CrSBr layer. We use literature values to set the saturation magnetization Mg,y = 36 ,uB/an [12, 13], the
magnetocrystalline anisotropy along the a- and b-axis Ky », Ky p [12], and the intralayer exchange interactions
J1, J2, J3 [1]. These exchange interactions are used to estimate the intralayer exchange stiffness Aex. intra [14]. We

estimate the interlayer exchange stiffness Aex, inter and its dependence on strain from theoretical calculations [15].



For the values of strain considered in this study, Acx, inter depends linearly on strain. As a starting point, we
simulate the magnetic hysteresis of a cube of 200 nm x 200 nm x 200 nm using a cell size of 4 nm x4 nm x 0.8 nm
and periodic boundary conditions. We compare the results to bulk hysteresis measurements [5, 13, 16] along the
a- b- and c-axis and modify the values to K, . = 72 kJ/m?, K, , = 127 kJ/m?, and Aeyx, inter = —23 £J/m in
order to optimize the match. Changes in Aex, intra do not have a significant influence on the simulated hysteresis
(within 1 — 10 pJ/m range). Therefore, we choose Aex intra = 8 pJ/m to increase the exchange length [y,
allowing us to simulate a larger area.

For the simulation of the strained ribbon, the geometry and thickness in number of layers is determined from
AFM measurements. The simulations assume a uniform thickness of 18 layers, ignoring the narrow region along
the right edge of the ribbon consisting of a single-layer strip followed by a step with decreased thickness (14
layers). The structure is discretized into cells of size 8 nm x 8 nm x 0.8 nm. Starting from the value of Aex, inter
determined for the simulation of bulk material and its theoretical strain dependence, we adjust this dependence
to optimally reproduce both the measured magnetic hysteresis and the measured stray field patterns, resulting
in Aex, inter = (16.36(%) —23) £J/m, where ¢ is the strain along the a-axis. This linear dependence agrees roughly
with previous observations, predicting an AF to F transition at 1.5% strain compared to the observed 1.3% [6].
The spatial variation of strain is implemented by dividing the ribbon into 110 regions of uniform Aex inter,
corresponding to the average value in that region.

Simulated B,(x,y) and B2(x,y) are calculated from the magnetization maps generated by Mumaz® at
a height of 250 nm above the sample, corresponding to our SQUID-sample distance. B2°(z,y) is calculated
assuming dz = 16 nm, which corresponds to the oscillation amplitude of the cantilever. Finally, we apply a

Gaussian blurring of 20 = 192 nm to approximate the point-spread function of the SQUID sensor.



2 Additional measurements and simulations

2.1 Topographic imaging

Supporting Figure la is an AFM image of the strained ribbon. Supporting Figures 1b-d show that the width of
the narrow single-layer strip running along the right edge of the ribbon and 14-layer-thick region immediately
to its right remain undisturbed along the entire length of the flake, even past the crack shown in Supporting

Figure 1d.

Supp. Fig. 1 AFM images of the strained ribbon. (a) A topographic image of the strained ribbon . (b)-(d) Zoom-in images

for the regions indicated by the white dashed boxes in (a).

2.2 Magnetic imaging

We image the local magnetic response of the CrSBr ribbons to a changing field H,, applied nearly along the
b-axis. To help visualize the layer-by-layer changes in magnetization, we replot the data shown in Figure 2 of
the main text with schematic diagrams corresponding to the magnetization configurations of the ribbons at
different applied fields. Supporting Figures 2b and d show the configurations for cross-sections indicated by

black dashed lines in Supporting Figures 2a and c, respectively. It is worth mentioning that we do not know the



exact order in which the interior layers reverse, only that the outer layers reverse first, followed by the interior

layers at much higher fields.

B*uT) 202 202 =202 202 202 303 -404 -606 -10010
T |[203mT |[250 mT | [[305 3101 | |[319mT | |[331 mT _ |[350fT " |[400

a

b | Ea E > E - T =TT
e i i . :++—>—> : :++—>—>:'—>—>—>—>: S aaamdis o gl e s sl aaadit e e ad
'4—4—4—4—. T 0 1 e i e 1 e 7S I<—<—<—<—. I¢+.+¢. R e . :—>—>4—<— e G sm gl

'—>—>—>—>| '++++i:++++. -++—>—>. -++—>—>. -+++—>| '—>—>—>—> TR ananandlie == S 20 2

'¢+++. Tl 4—4—4—4—.-—>4—4—4—. '—><—4—4—. :+4_—<—4—. '—><—g—<— | '++++. >

.+++—>: > —>—>—>—>- > —>—>++: > ,—>—>++l'—>—>++- R
.4—4—4—<—| +¢++n ++++: ++++: D B o o '—>+++u '—><—<—<—-:*+¢¢-:++_++:
.+++—>' .—b—»—b—bl.—»—»—»—»' > NN R Eaaadiatadiacad

D .—>—>++'.+—>++' -—>+++' |++++' |—>+++' > e I i i il

B*(u1)-02 002 02002 -0,5005 -05005 05005 -101 101 202 20 2

¢ (0mT _ +1/200 mT 41264 mT 330 pT (350 T 360|'5T" 364 T‘374mT’\400mT

1
! ! .+++—> l.++—>—>n .++—>—>- S asanandis o i as o i
R Een-an a RS B0 BL S B I<—<—<—<—.'¢+¢¢. I++++. -l T

el il '—>—>—>—>. L | S e aadiEaaad
¢4t tlitttet]ttttctceecirrrrirrrriisrrr

1
1
1
1
1
1
1
1
1 1 ™ Sae 1 Y e 1
1
1
1
1
1
1
1
1

S anan an At o0 20 on o .+—>—>—>-.+—>—>—>- '—>—>—>+: Eaacddnaaad
B a e mh atEE S b o o .<—<—<—<—l <—<—<—<—l et :—P—P—P—Pn :—>—>—>+ !
1> | |+++—P : |+++—P'l—b—b—b+' |—>—D$+' |+—b—>—> |+—>—>—> !

Supp. Fig. 2 Magnetic field evolution and spin configuration of strained and pristine ribbons. (a) B2°(z,y) maps of
the strained ribbon under a progressively increasing magnetic field H,. (b) Schematic illustration of the spin configuration along
the cross-sections marked by black dashed lines in (a). The layers undergoing reorientation are highlighted in yellow. (¢) B2°(z,y)

images of the pristine ribbon and (d) schematic illustrations of the corresponding spin configuration.



In addition to the measurements shown in Figure 2 of the main text, Supporting Figures 3 and 4 show
magnetic images of the strained ribbon measured as H, is swept both upwards and downwards. Similarly,
Supporting Figures 5 and 6 show images of the pristine ribbon as H, is swept both upwards and downwards.
We saturate both ribbons at pgH, = —500 mT before sweeping the field to zero and starting the upward
measurement. Before the downward measurement, the ribbons were fully polarized in an applied field poH, =
600 mT. In all cases, we measure both B, and B2® « dB,/dz, however, we only plot B2°(x,y) maps, because

they are more sensitive to small spatial features compared to B, (z,y).
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Supp. Fig. 3 Stray-field images of the strained ribbon while sweeping H, up. B2°(z,y) with progressively increasing

H,. (a) - (f) corresponds to the reorientation of the surface layers and (g) - (v) of the interior layers.



B*uT)-10 0 10 10 0 10 -10 0 10

—§ 3r5mT 350 mT 335 mT

B*uT) -3 0 3 2.0 2 g 60| g

100 mT 50 mT OmT

Supp. Fig. 4 Stray-field images of the strained ribbon sweeping H, down. B2°(z,y) with progressively decreasing Hy.
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Supp. Fig. 5 Stray-field images of the pristine ribbon sweeping H, up. B2°(z,y) with progressively increasing H,.
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Supp. Fig. 6 Stray-field images of the pristine ribbon sweeping H, down. B2°(z,y) with progressively decreasing H.
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2.3 Magnetic hysteresis

A comparison between the magnetic hysteresis of the strained and pristine ribbons is shown in Supporting
Figure 7, where it is evident that the pristine ribbon (red and blue dashed lines) exhibits larger hysteresis
compared to the strained ribbon (orange and light blue lines). For the pristine ribbon, we average the majority
of its area, excluding the top part of the ribbon to avoid the influence of the neighboring ribbon’s stray field.
For the strained ribbon, we use the same area selected in Figure 4a.

As discussed in the main text, we infer that the transition occurring between 200 and 300 mT on the way
up corresponds to the reorientation of a single layer. This conclusion is supported by the ratio of approximately
1:9 between the step in | B, |avg associated with this transition and the value of |B,|aye after the ribbons reach

saturation (at around 400 mT), as shown in Supporting Figure 7.
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Supp. Fig. 7 Magnetic Hysteresis comparison. The vertical axes corresponds to |B;| averaged over areas of the pristine and
strained ribbon and is plotted as a function of H,. Magnetic hysteresis of the pristine flake is shown in red and blue dashed lines
for the upward and downward sweeps, respectively. The hysteresis of the strained flake is shown in orange and light blue lines for

the upward and downward sweeps, respectively.
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2.4 Micromagnetic simulations

Micromagnetic simulations reproduce magnetic domains of the same shape and size as measured in experiment.
This agreement suggests that the wavy features in the measured B2°(x, y) maps do not result from unintentional
inhomogeneties or defects in the sample. Rather, they are a consequence of the strain gradients induced by
bending the ribbon. Supporting Figure 8 shows a comparison between measured and simulated stray-field maps

showing similar features at similar values of applied H,.
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Supp. Fig. 8 Comparison between simulated and measured magnetic domains. (a) - (f) Representative simulated
dBQd—(:’y) at the applied fields H, indicated in the bottom right of the images and (g) - (1) corresponding measurements at similar
fields. Whether the maps correspond to simulations or measurements done during a sweep up (S.U.) in H; or a sweep down (S.D.)

is indicated in the top right of each image.
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