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Reversible strain-induced magnetic phase
transition in a van der Waals magnet
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Mechanical deformation of a crystal can have a profound effect on its physical properties. Notably, even small modifications
of bond geometry can completely change the size and sign of magnetic exchange interactions and thus the magnetic ground
state. Here we report the strain tuning of the magnetic properties of the A-type layered antiferromagnetic semiconduc-
tor CrSBr achieved by designing a strain device that can apply continuous, in situ uniaxial tensile strain to two-dimensional
materials, reaching several percent at cryogenic temperatures. Using this apparatus, we realize a reversible strain-induced
antiferromagnetic-to-ferromagnetic phase transition at zero magnetic field and strain control of the out-of-plane spin-canting
process. First-principles calculations reveal that the tuning of the in-plane lattice constant strongly modifies the interlayer
magnetic exchange interaction, which changes sign at the critical strain. Our work creates new opportunities for harnessing the
strain control of magnetism and other electronic states in low-dimensional materials and heterostructures.

ter with distinct symmetries are at the heart of condensed
matter physics and play important roles in modern nano-
technology. For instance, switching the sign of spin-spin exchange
interactions in materials with magnetic order can lead to transitions
between antiferromagnetic (AFM) and ferromagnetic (FM) phases
that enable new types of magnetoresistive device'~". The recent dis-
covery of atomically thin van der Waals (vdW) magnets provides
a new platform for the manipulation of magnetic properties with
versatile methods of control, including electrical and nanomechani-
cal means™®. For the latter, hydrostatic pressure has been used to
switch AFM to FM states in the A-type antiferromagnet Crl, at zero
magnetic field”®. However, the pressure-induced magnetic state
switching in Crl; is non-reversible, as it originates from the rear-
rangement of layer stacking from monoclinic to rhombohedral. In
addition, only discrete hydrostatic pressures can be applied due to
the limitation of pressure cells. It would thus be highly desirable to
develop a continuously tunable knob as well as discover a suitable
material system for achieving reversible magnetic phase transitions.
Tensile strain is a proven method for tuning the fundamental
properties of three-dimensional bulk quantum materials. Examples
include the strain control of superconducting”’, nematic' and
topological phases'” by the direct modification of lattice constant
and symmetry of a given crystal. Several previous studies have also
demonstrated the switching of magnetic phases by ex situ strain
techniques, such as thin-film epitaxy”, pressure'* and stretching
of a polymer layer'”. For vdW magnets, several recent works have
highlighted the tantalizing opportunities for the strain control of
magnetic properties such as ordering temperature'®’, coercive
fields'” and Néel vectors' in several systems, with predicted mag-
netic phase transitions in certain materials under a large strain'-*.
However, the experimental realization of a reversible AFM-to-FM
phase transition by continuous strain tuning in either bulk or
two-dimensional (2D) crystals remains a challenge. One difficulty

( :ontrollable transitions between different phases of mat-

lies in the lack of cryo-strain devices that can apply large (over 1%)
and in situ tunable strain.

In this work, we design a cryo-strain device capable of apply-
ing large strains to 2D materials. This new capability enables the
continuous and reversible tuning of the magnetic properties of a
recently discovered vdW magnet CrSBr, including magnetic anisot-
ropy, interlayer exchange interaction and magnetic ground state.
Our cryogenic strain apparatus is based on a piezoelectric strain cell
(Fig. 1a and Extended Data Fig. 1), which has previously been used
to apply uniaxial strain to bulk crystals'®'>**. To apply large strain on
thin vdW flakes, we cleave a silicon substrate to produce a micro-
scopic gap over which it is possible to suspend a sample (Fig. 1b and
Methods). Since the applied strain is equal to the fractional change
in length, the small gap can, in principle, apply very large strain to
the sample, given the sample does not yield or slide.

Determination of strain through Raman spectroscopy

CrSBr is an A-type AFM semiconductor with an in-plane easy axis
along b (Fig. 1b)*»**. Due to the anisotropic crystal structure,
exfoliated thin CrSBr flakes typically exhibit a rectangular structure
with a long edge of over 100 pm along the a axis and a short edge of
~10 pm along the b axis. This aspect ratio is ideal for suspending the
sample with the gap perpendicular to the a axis (Fig. 1b). To estimate
the applied strain on CrSBr, we compare the Raman spectra taken
on the strained region with the spectrum on an unstrained area far
from the gap (Fig. 1c). To this end, we have calibrated the strain
shift rate of the phonon mode at ~345cm™ (labelled as P,) versus
the piezo voltage using a strain gauge heterostructure (Extended
Data Fig. 2). The calibration yields a redshift rate of ~4.2cm™ %,
in good agreement with the redshift rate of ~4.4cm™ %" pre-
dicted by first-principles calculations. Figure 1d shows the Raman
intensity plot of a suspended sample as a function of the applied
piezo voltage. The response of P, is highly linear, indicating negli-
gible sample slippage. We note that P, is broadened at a low piezo
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Fig. 1| Cryo-strain device and strain tuning of a Raman mode. a, Schematic of the strain cell based on three parallel piezo stacks glued to a titanium
backing and flexure. The strain is applied to vdW materials placed on a gapped SiO,/Si substrate that is fixed on top of the strain device (Methods).

b, Schematic of the CrSBr sample suspended over a micrometre-scale gap in the SiO,/Si substrate. The strain is aligned with the crystal (a) axis of the
CrSBr, which is orthogonal to the easy (b) axis. The red and blue arrows on the CrSBr depict the AFM interlayer coupling that produces an A-type layered
AFM structure. ¢, Raman spectrum of a free-standing thin CrSBr flake. d, P; Raman mode as a function of piezo voltage of a suspended thin CrSBr flake.
The strain values are determined using the measured CrSBr Raman shift rate (Extended Data Fig. 2) and the unstrained spectrum in c.

voltage due to strain gradients near the edge of the gap. As the gap
is opened, the strain becomes more homogeneous as evidenced by
the sharper peak at a high piezo voltage. Using the determined shift
rate of 4.2cm™ %' and a zero-strain peak energy of 345cm™" taken
far off the gap (Fig. 1c), the applied strain is determined to range
from ~0.6% up to 1.7%. This range of applied strain is typical for
the samples we measured and is substantially higher than previous
cryo-strain experiments that rely on bendable substrates'”".

Strain-induced magnetic phase transition
After strain calibration, we proceed to demonstrate control of mag-
netism in CrSBr with high strains. Since CrSBr has an in-plane
magnetic easy axis, polar reflective magnetic circular dichroism
(RMCD) is a poor probe of the in-plane magnetic ground states. A
recent study* revealed rich excitonic features in both photolumines-
cence (PL) and optical absorption spectra of CrSBr. Although not all
the spectral features are well understood, the work established that
the excitons in thin CrSBr flakes are sensitive to the interlayer mag-
netic order and redshift at the AFM-to-FM phase transition. This
enables us to probe the interlayer magnetic coupling through the
exciton PL spectrum. The data presented in the rest of this paper
were taken from an ~20 nm CrSBr flake (Extended Data Fig. 3 pro-
vides additional sample details).

Figure 2a shows the PL intensity plot as a function of the applied
strain and photon energy in the absence of a magnetic field. Several
discrete exciton PL features are observed, at similar energies to the

ones reported in ref. **. These peaks remain nearly unchanged as the
strain increases from 0.7% to about 1.1%. This observation agrees
with the first-principles calculations that suggest that a tensile strain
of <1% only results in a continuous change of <5meV of the band-
gap in the AFM phase (Extended Data Fig. 4a). Remarkably, as the
strain increases further, the intensity of these peaks decreases, and
a new set of peaks emerge. Above ~1.3%, the new features domi-
nate the spectrum, which does not show any appreciable change as
the strain increases further. Figure 2b plots the PL spectra at two
selected strains, namely, 0.9% (black) and 1.4% (blue), which cor-
respond to before and after the abrupt, strain-induced changes to
the PL, respectively. The spectra reveal a clear ~12meV redshift
between the low- and high-strain states, whereas the number of
peaks does not change, that is, the PL pattern remains the same.
We measured several samples and observed similar jumps in the PL
spectrum (Extended Data Fig. 5).

To determine the origin of the PL shift, we compare the
strain-dependent PL spectra with the unstrained spectra of differ-
ent magnetic states. The black curve in Fig. 2c corresponds to the
PL spectrum of the A-type AFM ground state of unstrained CrSBr
at zero magnetic field. The bottom inset illustrates the spin configu-
ration. Each monolayer has an FM intralayer coupling with spins
aligned along the magnetic easy axis (b axis), whereas the interlayer
coupling is AFM. The blue spectrum is the PL of CrSBr with a mag-
netic field of 0.4 T applied along the easy axis. Since the applied mag-
netic field is larger than the coercive field of about 0.22 T (Fig. 2c,
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Fig. 2 | Reversible strain-induced AFM-to-FM phase transition. a, Strain-dependent PL intensity plot of a 20 nm CrSBr flake with the strain applied along the
a axis. The strain is swept up from a starting value of ~0.7%. b, PL spectra at 0.9% (black) and 1.4% strain (blue). Inset, optical micrograph of the sample.
Scale bar, 30 um. ¢, PL spectra at a magnetic field of O T (black) and 0.4 T applied along the b (easy) axis. Insets depict the zero-field A-type AFM and
high-field FM states. d, Select PL spectra as the strain is swept up and then down. The arrows indicate the progression of applied strain: the strain is ramped
up from 0.7% (bottom) to 1.5% (middle) and then back down to 0.7% (top). All the PL spectra are normalized to their maxima and offset for clarity.

bottom inset), all the spins are aligned, resulting in a field-induced
FM state (Fig. 2c, top inset). There is an abrupt redshift of about
11meV in the spectra between the AFM and FM states, whereas
the PL pattern remains the same. These magnetic state-dependent
PL spectra are remarkably similar to the strain-dependent exciton
PL spectra. The slight discrepancy (~1meV) in the energy differ-
ence between the AFM and FM spectra arises from a small addi-
tional redshift of the 1.4% high-strain spectra. This comparison
thus shows that a strain-induced AFM-to-FM phase transition, with
the spins aligned along the easy b axis, is responsible for the abrupt
change in the PL spectrum.

The strain-induced phase transition is reversible and repeatable.
Figure 2d illustrates the PL spectra at selected strains as the strain
is continuously swept up and then back down. The black curve at
the bottom is taken at a spot far away from the gap, corresponding
to zero strain. As the strain increases to the intermediate regime
(for example, 0.7%), the spectrum barely changes, consistent with
the minor redshift observed in Fig. 2a. At 1.5%, the PL redshifts
by ~12meV, corresponding to the strain-induced FM state. As the
strain sweeps back down to 0.7% (Fig. 2d, top blue curve), the exci-
ton PL shifts back to the spectrum corresponding to the AFM state.
We note that there is hysteresis between the strain-sweeping direc-
tions around the critical strain for the magnetic phase transition
(Extended Data Fig. 6).

To further investigate the strain-induced switching of the
PL spectrum, we compare the magnetic field response of the
strained and unstrained areas of the sample. Figure 3a shows the
magneto-PL measurements of the unstrained region with the field
applied along the easy axis (b axis). The PL is invariant until a criti-
cal field H,~0.22 T is reached, at which point the sample undergoes
a spin-flip transition to the field-induced FM state (Fig. 3a, insets,
show the corresponding magnetic states). On the other hand, when
the field is along the a axis (Fig. 3b), a continuous redshift of all
the main exciton lines is observed as the spins within each layer
cant until they eventually align at the saturating field H,~0.68T.
Regardless of the direction of the applied field, the PL spectrum
remains invariant when the magnetic field is increased above the
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saturating field. Similar canting effects are observed for a mag-
netic field applied along the hard (c) axis with a saturating field of
H,=1.6T (Extended Data Fig. 7). The observed field dependence is
consistent with the reported magneto-PL measurements on atomi-
cally thin CrSBr samples*.

In the high-strain state, the sample has a completely different
field dependence. Figure 3c shows the magneto-PL measurements
with the field applied along the b axis of the CrSBr flake at 1.7%
strain. In stark contrast to the unstrained case, no detectable differ-
ence is observed between the spectra for the high positive field and
zero field (Extended Data Fig. 8). As the magnetic field sweeps from
positive to negative, the PL remains invariant except at the coercive
field near —0.09 T, which corresponds to the switching of the FM
states with the spins pointing in opposite directions along the b axis
(inset in Fig. 3c). This coercive field is more than two times smaller
than the one corresponding to the AFM-to-FM transition at zero
strain, providing additional evidence that the interlayer magnetic
coupling is substantially modified by strain.

For a small range of applied fields near the coercive field (about
—0.09T), the PL intensity suddenly increases, and an additional
high-energy peak appears. This observation implies the forma-
tion of vertical domains near the switching of the magnetic state,
which leads to AF interfaces and thus large PL intensity and addi-
tional high-energy peaks. The change in the PL spectrum at the
coercive field is hysteretic when the magnetic field is swept up and
down (Extended Data Fig. 8). As the field is further increased, the
spin orientation of the FM state is fully switched, and the PL goes
back to being indistinguishable from the spectra at other magnetic
fields. Applying fields along the other axes reveals further differ-
ences from the unstrained sample. For instance, no detectable shift
is observed in the main exciton lines when the field is swept along
the a axis (Fig. 3d).

In thin CrSBr samples, the main effect of an applied magnetic
field on the exciton PL originates from a dependence of the inter-
layer electronic hybridization on the interlayer magnetic coupling:
the angle between spins in the different layers controls the degree
to which the wavefunctions between adjacent layers hybridize*.
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Fig. 3 | Magnetic-field-dependent PL before and after the strain-induced magnetic phase transition. a,b, Magnetic-field-dependent PL measurements of
unstrained CrSBr with the field applied along the easy (b) axis (a) and intermediate hard (a) axis (b). Diagrams over each panel depict the evolution of the
magnetic states. ¢,d, Magneto-PL measurements along the b axis (¢) and a axis (d) with a strain of 1.7% applied. Schematic of the FM interlayer magnetic

coupling is shown above the intensity plots.

As reported in another study*, in the AFM state, the anti-aligned
spin states in adjacent layers localize the Wannier-type excitons
within each layer. As the spins are aligned to the FM state by an
applied magnetic field, excitons within each layer delocalize, lead-
ing to a redshift in the PL spectrum. In the strain-induced FM
phase, the spins would always be aligned except at the coercive field
where domains may contain layers with antiparallel orientations,
explaining the hysteresis along the easy axis and independence of
the PL to fields applied along the intermediate axis. Our analysis is
supported by density functional theory (DFT) calculations, which
predict a strain-induced AFM-to-FM phase transition (Extended
Data Fig. 4b) resulting in a substantial decrease in bandgap, which
remains unchanged when the magnetic moment is aligned along
the different axes in FM CrSBr (Extended Data Fig. 9). The calcu-
lation further shows that the strain-induced magnetic phase tran-
sition is not due to a layer stacking rearrangement or changes in
interlayer spacing (Extended Data Fig. 4c,d). Rather, it originates
from the modulation of the interlayer magnetic exchange interac-
tion by changing the in-plane lattice constant, which affects the
geometry of the exchange pathway between Cr atoms in adjacent
layers (Extended Data Fig. 10a—c).

Strain tuning of the out-of-plane spin-canting process

We also found that strain leads to dramatic changes in the
spin-canting process with an applied out-of-plane magnetic field.
Figure 4a shows the normalized polar RMCD, a sensitive probe of
the out-of-plane magnetization, at selected strains. At zero strain,
the RMCD shows a highly nonlinear dependence on increasing
magnetic field, consistent with superconducting quantum inter-
ference device measurements on the bulk crystal®. This nonlinear

behaviour suggests that the out-of-plane spin-canting behaviour
in thin bulk CrSBr cannot be explained by a classical Heisenberg
model with quadratic anisotropic exchange or single-ion anisotropy,
because these terms should yield a linear dependence of magneti-
zation with an out-of-plane magnetic field. Rather, a higher-order
magnetic anisotropy term, for example, one originating from biaxial
anisotropies, is needed to account for the observation. The applica-
tion of intermediate strain leads to a large reduction in the saturat-
ing magnetic field from 1.6 T (unstrained case) to about 0.9T (at
1.5% strain). This observation agrees with the DFT calculations,
which show that the anisotropic energy (energy difference between
the hard- and easy-axis AFM phases) decreases on applying ten-
sile strain along a (Extended Data Fig. 10d). Furthermore, as the
strain drives the AFM-to-FM phase transition, the RMCD switches
from a nonlinear behaviour to linear spin canting, implying strain
tuning of high-order magnetic anisotropy. The full strain depen-
dence of RMCD and its derivative with respect to the applied mag-
netic field are presented as colour plots in Fig. 4b,c, respectively.
In the intermediate-strain case, the maximum of the derivative
occurs right near the saturating field due to nonlinear spin cant-
ing. This saturating field decreases with increasing tensile strain.
When the system undergoes the AFM-to-FM phase transition, the
derivative becomes constant, indicating the linearity of the RMCD
curve. These results demonstrate that both saturating field and
spin-canting process can be controlled through strain.

Conclusions

In summary, we have presented new techniques for exploring the
effects of uniaxial strain in 2D materials and heterostructures
at cryogenic temperatures with in situ tunability. Using these
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Fig. 4 | Strain tuning of the out-of-plane spin-canting process. a, Polar RMCD measurements as the out-of-plane magnetic field is swept down at select
strains. RMCD sweeps are normalized at each strain value. Discrete jumps in the RMCD versus magnetic field near the critical strain (1.2% curve) imply
domain effects. b, Colour plot of the RMCD sweeps as a function of the applied strain. ¢, Derivative of the normalized RMCD with respect to the applied

magnetic field B as a function of strain.

techniques, we demonstrate unprecedented control over the mag-
netic properties of the layered magnetic semiconductor CrSBr.
Our results could enable new 2D devices that leverage the unique
coupling of spin, charge and lattice, such as strain-actuated mag-
netoresistive switches, strain tuning of second-harmonic genera-
tion via control of magnetic-state-induced inversion symmetry
breaking or magnetic tunnel junctions that operate without an
applied magnetic field. In addition, strain gradients are inevita-
ble in these devices, for example, near the edge of the gap, which
may introduce rich spin textures and open a new path for gen-
erating continuously tunable pseudo-magnetic fields***’. Beyond
vdW magnets, we envision that these strain platforms can be used
to realize dynamic control of structural, electronic and optical
properties in many other 2D materials’*, heterostructures and
moiré superlattices™.
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Methods

Strain cell. To apply strain to the samples, we constructed home-built strain cells
consisting of three piezoelectric actuators glued in parallel to a titanium backing
plate and a titanium flexure element. The flexure element consists of a W-shaped
outer piece and a rectangular inner block, with a 0.5 mm gap formed between them
(Fig. 1a). The outer and inner piezo stacks are oppositely poled; applying a positive
voltage causes the outer piezo stacks to expand and the inner one to contract,
thereby opening the gap. This configuration also minimizes the built-in thermal
strain, as the two sides of the gap move together when cooled. The measurements
shown in Fig. 1d and Extended Data Fig. 5 were taken using a CS100 strain cell
(Razorbill Instruments), which uses a similar operating principle.

Sample preparation and strain gauge calibration. In our experiments, pieces of
285nm SiO,/Si substrate were adhered onto 2D flexure sample plates produced

by Razorbill Instruments using STYCAST 2850FT epoxy. To reduce the effective
spring constant of strained silicon, we chose thin (50 um) silicon wafers and cut
them into narrow (~300 um) pillars. The distance between the epoxied ends is

~400 um, giving an effective spring constant of k = Y4 a 5 where we use a
value of 130 GPa for the Young’s modulus of silicon®. This value is much lower than
the blocking force of the piezo stacks, enabling the application of strain. To calibrate
the strain applied to the silicon pillar, we used the shift rate reported in ref. *.

After the pillar was glued in place, we transferred the strain gauge
heterostructure on top of it via a dry transfer technique using a stamp consisting of a
polypropylene carbonate film spin coated on top of a polydimethylsiloxane cylinder.
Flakes were picked up in the following order: 20-30 nm top hexagonal boron
nitride, graphene and >20nm CrSBr. The pillar was then aligned with the long axis
of the CrSBr flake, which is the crystal a axis, and then the stack was deposited on
top of it. The strain applied to graphene was determined by the same shift rate used
in ref. 77, which comes from ab initio calculations”. Bulk single-crystal CrSBr was
synthesized using the same method detailed in other works*-*.

For suspended samples, large rectangular pieces of the same substrate were
glued to the titanium sample plate and then fractured with a diamond scribe. The
fracture produces a gap of ~3-5um, with nearly uniform height on both sides. The
sample plate is then screwed to the strainer, and the thin CrSBr is transferred over
the gap using the same dry transfer method. The entire strain apparatus is then
loaded into the cryostat for measurement.

Optical measurements. Optical measurements of the strain gauge heterostructure
were performed using backscattering geometry in a closed-cycle helium cryostat
(OptiCool by Quantum Design) with a nominal sample temperature of 2.2K.

An objective lens focused 632.8 nm light from a He/Ne laser to a spot size of
~1pm. The collected signal was dispersed using a grating with a groove density

of 1,200mm~" and detected with a liquid-nitrogen-cooled charge-coupled

device. A laser power of 300 uW was used for the Raman measurements, with
integration times of 120's for graphene and 30's for both CrSBr and silicon spectra.
BragGrate notch filters were utilized to reject Rayleigh scattering down to 5cm™.
Measurements of the suspended sample (Fig. 1d and Extended Data Fig. 5) were
taken in a cold-finger cryostat from Montana Instruments at a sample temperature
of ~15K. All the other data from the suspended samples were taken using a vector
magnet cryostat from Montana Instruments at a nominal sample temperature of
about 5K. For the PL measurements, we used 4 uW of power and the collected
light was dispersed by a grating with a groove density of 600 mm™". To increase the
spatial sensitivity of the experiment, a confocal setup with 50 um pinhole was used.
The RMCD measurements were taken using the same setup previously used to
study Crl, (ref. **).

Finite-element analysis. We used the ANSYS Mechanical 2021 R1 finite-element
analysis software to calculate and visualize the strain distribution on the top
surface of a strained silicon pillar. The model geometry and dimensions match
our experimental conditions: the pillar is 50 um thick, 1 mm long and 300 um
wide. A 285nm layer of SiO, is placed on top of the silicon; underneath, there are
two 10-pm-thick pads of STYCAST 2850FT epoxy that form a 400 um gap. The
contact between the materials is modelled via a shared topology between each
solid. The boundary conditions are set to apply a 5um displacement to the bottom
face of each epoxy pad directed parallel to the pillar’s long axis. We use the elastic
constants reported in ref. ** for the <110> directions of a (100) wafer. To account
for the orthotropic elasticity in silicon, we made an additional model that was
rotated by 45° such that strain is applied along the [100] axis. In both cases, the
total strain variation across the middle of the pillar was less than 0.01%. The SiO,
layer is modelled with isotropic elasticity with a Young’s modulus of 70 GPa and
Poisson’s ratio of 0.17, whereas the STYCAST epoxy was modelled using elastic
constants provided in ref. »*.

First-principles calculations. First-principles calculations of few-layer and bulk
CrSBr were performed using DFT implemented in the QUANTUM ESPRESSO
package”. We employed norm-conserving pseudopotentials®, with a plane-wave
energy cutoff of 85Ry. In structural relaxation, we used the spin-polarized Perdew-
Burke-Ernzerhof exchange-correlation functional that included dispersion
corrections within the D2 formalism*' to account for the vdW interactions.
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The structure was fully relaxed until the force on each atom was smaller than
0.002eV A, The calculated equilibrium lattice constants along the a and b axes
were 3.5 and 4.7 A, respectively. The calculated interlayer distance was 8.0 A in the
bulk. These results were in excellent agreement with the experiments®, showing
errors of <1%. The applied strain along the intermediate axis was calculated

in percentile relative to the equilibrium structure. For each strain, the energy
differences between the interlayer AFM and FM phases were calculated within
the local spin density approximation. We note that the calculated value of critical
strain can be affected by factors such as the choice of pseudopotential used in

the calculations. We find that an on-site Hubbard U correction is not needed

to reproduce the correct magnetic ground-state properties of bulk CrSBr. The
calculation of the Raman-active phonon modes used the frozen-phonon method.

Data availability
Source data are provided with this paper. All other data that support the findings of
this study are available from the corresponding authors upon reasonable request.
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Extended Data Fig. 1| Photograph of strain cell and mounted CrSBr flake. The strain cell consists of three piezoelectric actuators glued to a titanium
flexure element. The white arrows indicate the direction of motion when a positive voltage is applied. Inset, optical micrograph showing a zoom-in on the
CrSBr flake, which is indicated by the blue arrow. Scale bar: 30 um.
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Extended Data Fig. 2 | Calibration of CrSBr strain response using a strain gauge heterostructure. a, Diagram of a hBN/CrSBr/graphene strain gauge
heterostructure deposited on a Si/SiO, pillar. When the pillar is strained, the strain is transferred to the heterostructure on top. In our experiments, the
strain is aligned with the a crystal axis of the CrSBr, which is the magnetic intermediate axis orthogonal to the easy (b) axis. The red and blue arrows on
the CrSBr depict the AFM interlayer coupling which produces an A-type layered AFM structure. b, Finite element analysis modelling using parameters
similar to those of our experiment (see Methods). The modelling shows that the surface of the pillar has a highly uniform strain profile (< 0.01% total
variation) over the length scale of the sample across the middle of the pillar. ¢, Raman spectra of the graphene 2D peak (top) and CrSBr Raman mode
centered around 346 cm™' (bottom) with O (black) and 100 (red) volts applied to the strain cell. d, Full strain dependence of the graphene 2D peak. The
grey line represents a linear fit of the peak position as a function of piezo voltage determined by Lorentzian fits. The strain values are then calculated using
a previously reported?®*® Raman shift rate of graphene. e, Energy of the silicon Raman peak as a function of piezo voltage. Using the previously reported*’
strain shift rate yields a calibration which is essentially the same as that determined from the graphene spectra. In order to determine the amount of
built-in strain due to preparation of the silicon substrate and differences in thermal expansion coefficients, we also measured a freestanding silicon chip
glued next to the strained chip. Comparing the strained silicon pillar at zero volts to the freestanding chip right next to it, we found that the built-in strain
on this particular pillar was negligible. f, CrSBr Raman peak extracted from Lorentzian fits as a function of strain along with linear fits to the data (blue line)
and the first-principles calculated Raman shift rate (green line, shifted vertically to ~ 346 cm™ at V=0). Error bars in e-f represent the uncertainty of the
Lorentzian fits.
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Extended Data Fig. 3 | Photoluminescence (PL) intensity map of sample S2. Spatial map of PL intensity integrated from 1.363 eV to 1.39 eV with 54V
applied to the piezo stacks. This spectral range captures PL from the highest energy exciton in the AFM state, but not in the FM state. That is, the dark
regions in the PL map are the most strained, as they are in the FM state, whereas the brightest regions have the strongest AFM state and thus have the
lowest strain. Scalebar: 10 um. The data presented in the paper were taken in the center of the high strain region.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology


http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY ARTICLES

a 0.15F

T

0.4

0.05 0.2

o
o
T

AEgap_AFM (eV)
(meV/layer-unit cell) ©

-0.05

o
N
T

FM-EAFM

E

'0-15_| ] 1 1 ] 1 ] 1
-1 0 1 2 -2 -1 0 1 2
Strain along a (%) Strain along ¢ (%)

T
o

— 1.00
= h Q
o] 0.4 | —a— Fixed BC =) m
= - | =—FreeBC | © ci
7 S 075 <
o 02 = =~
> 7) 3
) | — (0]
S Q S
= | £ 0~
L T 0.25 b
= 0.2f 5 ‘ @
L —
R § a
1 L - it
-1 0 1 2 0.00 025 050 0.75 1.00
Strain along a (%) Fractional interlayer shift along a

Extended Data Fig. 4 | DFT scalar-relativistic calculations of strain effects on band gap and interlayer magnetic ordering. a, DFT-LSDA calculated
change of the band gap, AE,,, arw, Of bulk CrSBr in the interlayer AFM phase as the strain is applied along a-axis, while b- and c-axes are free to relax.
AE,., arv is < 5meV for <+1% strain. b, DFT-LSDA calculation of energy difference A between the interlayer FM and AFM states as a function of strain
applied along the a axis. The sign switching from positive to negative as strain increases indicates a strain-induced AFM to FM transition, denoted by the
dashed black line. We found that the calculated A shows little difference between fixed- and free-boundary conditions, that is, if the lattice constants

in b and c are kept constant (black) or free to relax (red). In the latter case, the change in lattice constant b and c are — 0.1% and — 0.4%, respectively, for a
1% strain along a, in bulk CrSBr. ¢, DFT-LSDA calculations of the energy difference of FM and AFM interlayer coupling as a function of strain applied along
the c axis with lattice constants in a and b kept constant. CrSBr stays in the AFM phase within &+ 2% strain. The results in both (b) and (¢) suggest that

the sign switching of the interlayer magnetic exchange interaction is not a result of changes to the interlayer spacing caused by the Poisson effect.

d, Calculated total stacking-dependent energy of AFM bilayer CrSBr. A 4x4 grid is used to sample real-space shift vectors between one layer relative to
the other. We find only one stable interlayer stacking configuration at (O, 0). Combined with the experimentally demonstrated reversible tunability, we rule
out switching of the lateral layer-stacking arrangement as the cause of AFM-FM phase transition.
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Extended Data Fig. 5 | Strain-induced phase transition in a second suspended sample. a, Strain dependent PL measurements of a second exfoliated
CrSBr sample. The spectra are normalized to he maxima at each strain. The nominal sample temperature is 15K. b, PL spectra at strains below (black) and

above (blue) the phase transition reveal a ~ 12 meV redshift between the two.
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Extended Data Fig. 6 | Hysteresis in the strain-induced magnetic phase transition. a, Intensity plot of PL as a function of strain as the piezo voltage is
swept down from a high strain state. b, Integrated intensity of the entire spectral range as the strain is swept up (blue) and down (orange). To account for
hysteresis in the piezostacks, we calibrated the strain using Raman sweeps in the same direction.
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Extended Data Fig. 7 | Magneto-photoluminescence measurements with the field swept along the hard (c) axis. Magnetic field dependent PL
measurement of unstrained CrSBr as the field is swept along the c crystal axis (magnetic hard axis).
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Extended Data Fig. 8 | Comparison of photoluminescence at select magnetic fields and integrated intensity of unstrained and highly strained CrSBr.
a-b, PL spectrum of unstrained (a) and highly strained (b) CrSBr at zero (black) and saturating (blue) magnetic field u,H applied along the easy b-axis.
c-d, Extracted center of mass (COM) of the entire spectra range as a function of u H || b-axis in the unstrained (¢) and highly strained (d) samples.
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Extended Data Fig. 9 | Fully-relativistic Kohn-Sham DFT band structures of bulk CrSBr with 1.5% uniaxial strain applied along the a axis. a, AFM CrSBr
with magnetic moment constrained along the easy b axis. b, ¢, d, FM CrSBr with magnetic moment constrained along the b, a, and c axes, respectively. Due
to the stronger interlayer hybridization in the FM phase, the top valence band and bottom conduction band at Gamma split into subband groups, resulting
in a smaller Kohn-Sham band gap than that of the AFM phase. Once in the FM phase, the bandgap shows no appreciable difference when the magnetic
moment is aligned along the different axes. These features agree well with our strain and magnetic field dependent measurements. We note, however,
that Kohn-Sham DFT at the mean-field level has been known to underestimate the band gaps of semiconductors, and the band gaps presented here
should not be directly compared to the PL energy levels in the present work. Optimized norm-conserving Vanderbilt pseudopotentials are employed in the
fully-relativistic calculations with similar generation parameters to the scalar-relativistic pseudopotentials.
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Extended Data Fig. 10 | Effects of strain on exchange pathways and magnetic anisotropic energy in CrSBr. a, The interlayer magnetic exchange coupling
1,12, J3 and J4 for the 1%, 29, 39, and 4" nearest-neighbor (NN) interlayer Cr pairs. The strain-induced magnetic phase transition is likely driven by a
significant enhancement in the 1t NN interlayer Cr-Cr coupling which favors ferromagnetism. b, Two interlayer magnetic exchange pathways between
closest Cr-Cr interlayer pairs in side view. ¢, Schematics of the first exchange pathway, giving weaker magnetic exchange coupling. Due to the nearly
orthogonal Br p orbitals in the super-super exchange pathway, the magnetic coupling is mediated by the weak on-site interaction between the p orbitals
(Hund's rule) in both Br. d, Schematics of the second exchange pathway that favors AFM coupling when a goes closer to 180° (compressive strain along
a), and FM coupling when o approaches 90° (tensile strain along a), in agreement with the first principles calculation. Since this pathway allows for direct
hopping in one of the Br, it should dominate the interlayer magnetic coupling between closest Cr-Cr interlayer pairs. e, Magnetic anisotropic energies as

a function of uniaxial strain along a, obtained from fully-relativistic calculations, with the free boundary condition. The black and red points correspond,
respectively, to the energy difference between the hard- and easy-axis AFM phase, and the energy difference between the hard-axis FM phase and the
easy-axis AFM phase. The decreasing anisotropic energies agree with the observed decrease of saturating field in the spin canting process upon straining.
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