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Control of magnetism has attracted interest in achieving low-power and high-speed applications such as magnetic data stor-
age and spintronic devices. Two-dimensional magnets allow for control of magnetic properties using the electric field, electro-
static doping and strain. In two-dimensional atomically thin magnets, a non-volatile all-optical method would offer the distinct
advantage of switching magnetic states without application of an external field. Here, we demonstrate such all-optical magne-
tization switching in the atomically thin ferromagnetic semiconductor, Crl;, triggered by circularly polarized light pulses. The
magnetization switching behaviour strongly depends on the exciting photon energy and polarization, in correspondence with
excitonic transitions in Crl,, indicating that the switching process is related to spin angular momentum transfer from photoex-
cited carriers to local magnetic moments. Such an all-optical magnetization switching should allow for further exploration of
magneto-optical interactions and open up applications in high-speed and low-power spintronic devices.

n-demand magnetic responses to external stimuli are at the

heart of modern magnetism and enable applications such

as magnetic memory, data storage and spintronic devices.
In recently discovered two-dimensional (2D) van der Waals lay-
ered magnets, such as Crl; (ref. ') and CrGeTe, (ref. ?), controlling
magnetic properties including magnetic states and magnetic phase
transitions has been demonstrated using various methods includ-
ing electrostatic doping, applying electric field, strain and so on’'".
The control of magnetic states using the electrical methods requires
continuous application of the external magnetic field, since the
magnetic states sensitive to electrostatic doping and electric fields
are close to the metamagnetic transitions at the coercive field>*. A
non-volatile method that can control the magnetic states without
the application of an external magnetic field is critically needed
and would benefit both fundamental physics studies and device
applications'”.

Photons have been used to deterministically control magne-
tism through the interplay between circularly polarized light pulses
and magnetic moments”. This is referred to as helicity-dependent
all-optical switching and has enabled the development of ultrafast
magneto-optical memory devices, such as all-optical magnetic
recorders. Compared to other methods, all-optical control of mag-
netism does not require an external magnetic field and has the
potential to increase the magnetic reversal speed into terahertz fre-
quencies”. Previous studies have demonstrated the optical control
of magnetization on various metallic ferrimagnetic and ferromag-
netic rare-earth transition-metal thin films"*-%, such as GdFeCo
alloys and Co/Pt multilayers. However, the metallic magnetic thin
films in which all-optical switching has been achieved cannot offer
the electrical modulation functionalities that have been exhibited
in semiconductors, which limits their potential application in spin-
tronics devices. In addition, the microscopic origin of the all-optical
switching observed in the above-mentioned systems is still under
debate'®"””. The observed all-optical magnetization switching was

first explained using the inverse Faraday effect (IFE), where the
circularly polarized photons can induce an effective magnetic
field to reverse the magnetization'®". It was later shown that the
helicity-dependent absorption in different domains associated with
magnetic circular dichroism (MCD) has contributed to the switch-
ing of magnetization®. Recent works have suggested that magne-
tization switching could be achieved by optical spin transfer’’ and
strong coupling between photoexcited carriers and lattice magnetic
moments”. Here in ferromagnetic Crl,, the semiconducting nature
offers a platform to study the all-optical switching of magnetization
when addressing different excitonic transitions and to investigate
the interplay among light, excitons and magnetism.

A previous study has shown that in (Ga, Mn)As, ferromagnetic
semiconductors, optically excited carrier spins will create a photo-
induced magnetization that largely changes the net total magnetiza-
tion in the material, but does not flip the spin state entirely”’. The
all-optical switching of magnetization has not been realized in fer-
romagnetic semiconductors, to the best of our knowledge. Recently
discovered atomically thin ferromagnetic semiconductors, such
as Crl,, feature out-of-plane magnetizations' and exhibit strong
optical absorptions and giant excitonic and magneto-optical
responses’*”, making them attractive candidates for this effect.
Utilizing the above-mentioned characteristics in Crl;, we demon-
strate an all-optical approach to deterministically switch magneti-
zation in Crl; by exciting with circularly polarized photons. Due to
the semiconducting nature, by varying the exciting photon energy,
we are able to address different excitonic transitions and study how
excited carriers at different orbitals affect the all-optical switch-
ing behaviour. Our results show that the magnetization switching
depends strongly on the exciting photon energy and polarization,
as schematically illustrated in Fig. la. Circularly polarized pulse
lasers with opposite circular polarizations can be used to switch
the magnetization of Crl, from the up to the down state at different
excitation energies. The strong energy and polarization-dependent
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Fig. 1] All-optical magnetization switching in atomically thin magnetic crystal of Crl; and sample characterization. a, Schematic representation of

the all-optical magnetization switching in three-atomic-layer-thin Crl; (a layered antiferromagnetic semiconductor) with circularly polarized pulsed
irradiations with different photon energies. The left panel shows the spin configuration of 3L Crl; magnetized in the upward direction without an applied
magnetic field. The middle (right) panel shows the circularly polarized pulsed laser illumination with excitation energy between 1.7 and 2.1eV (above
2.1eV) that is used to switch the magnetization from the up to the down state. The switching of the magnetization from the up to the down state was

achieved by using light with different circular polarizations for laser energies between 1.7 and 2.1eV and above 2.1eV. b, Microscope image of two 3L Crl;
flakes. €, RMCD as a function of applied magnetic field on the top 3L Crl; flake, red (blue) data points denote the RMCD value while the magnetic field is
sweeping to the negative (positive) direction. Magnetic states (1-4) at different applied fields are shown as schematic diagrams in the insets. Red (blue)
colour in the magnetization state schematic diagrams represents that the entire Crl; layer is magnetized in the upward (downward) direction. In the
experiment, the magnetic field is withdrawn from positive (negative) fields to magnetize the entire flake to state 2 (4), and a pulsed laser is applied at zero

applied field to achieve the all-optical magnetization switching. The upper inset shows a zoomed in view of the curves in the black dashed box.

magnetization switching behaviours indicate that the magneti-
zation switching is related to spin angular momentum transfer
between excited carriers and localized magnetic moments. This
all-optical approach of magnetization control offers the basis for
future ultrafast all-optical magnetic memory and logic processing
devices based on 2D magnets, as well as for future theoretical and
experimental investigations of the microscopic mechanisms of the
observed physical phenomenon.

We prepared trilayer (3 L) Crl, flakes by mechanically exfoliating
bulk Crl; crystal onto 300 nm SiO,/Si substrates and encapsulating
with hexagonal boron nitride (hBN) in a N, glove box to prevent
sample degradation. An optical microscopy image of two 3L Crl,
flakes used in this study is shown in Fig. 1b. We utilized reflec-
tance magneto-circular dichroism (RMCD) images (shown in Fig.
2a-d) to measure the out-of-plane magnetization before and after
the illumination of the circularly polarized laser pulses. A 633 nm
He-Ne laser with ~1 pm beam spot and ~5puW optical power was
used for all RMCD measurements unless otherwise stated. To study

the all-optical magnetization switching, a second ultrafast laser
with ~100fs pulse duration was used to excite the samples. RMCD
images were recorded before and after the pulsed laser (either cir-
cularly or linearly polarized) swept through the entire or partial
area of the sample to study the initial magnetization state and the
magneto-optical response to the polarized laser pulses. All the mea-
surements were performed at 1.6 K unless otherwise stated.

A representative RMCD signal as a function of an applied
out-of-plane magnetic field is shown in Fig. 1c. The red (blue) curve
represents the RMCD signal when the magnetic field is swept from
a positive (negative) to a negative (positive) direction. For the abso-
lute value of the applied magnetic field |u,H| > 1.1 T, the magnetiza-
tion of all three layers of Crl; align in the same direction (upward
or downward depending on the field direction) as depicted in the
magnetization configuration schematics (magnetic states 1 and 3).
When the magnetic field is withdrawn to zero, due to the inter-
layer antiferromagnetic coupling’, the 3L Crl; possesses a non-zero
remnant magnetization, which is solely determined by the spins
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Fig. 2 | Experimental demonstration of all-optical magnetization switching in 2D Crl,. a-d, Spatial RMCD maps at zero applied magnetic field, withdrawn

from +2T (@aand b) and -2 T (c and d). The spatial RMCD maps are acquired before (a and ¢) and after (¢. (b) and ¢, (d)) circularly polarized pulsed light
exposure at 2.03eV in selected areas (indicated by the dashed box). As shown in the figures, the deterministic magnetization in selected Crl; flakes is achieved
by circularly polarized pulsed laser illumination regardless of the initial magnetization state of the material. The deterministic magnetization switching can be
achieved in a selected sample area without application of an external magnetic field. e, Repeated deterministic switching measurements between states 2 and 4
by circularly polarized pulsed irradiation at 2.03 eV, red (blue) dashed line indicates the magnetic state 2 (4) in Fig. 1c and M stands for the net magnetization of
the flake. Without the application of an external magnetic field, the magnetization states can be deterministically switched by the circularly polarized photons.

of the unbalanced layer. Thus, at zero field, the net magnetization
of the 3L Crl, has a magnetic memory and an orientation that we
define as upward in state 2 and downward in state 4, if the field was
ramped to zero from a positive and negative direction, respectively.
In all-optical magnetization switching experiments, the magnetic
field is swept to zero from either a positive or negative direction to
initialize the magnetization state of the 3L CrI, before the illumina-
tion of the pulsed laser. All the RMCD mapping measurements were
carried out at zero applied magnetic field.

With the magnetization set to be either a positive (state 2) or
negative (state 4) direction, we are able to study how the 3L CrI,
responds to the circularly polarized photon pulses. Figure 2a,c
shows the RMCD images of the two 3L Crl, flakes at zero field
swept from positive and negative 2T, respectively. Red and blue
colours represent the net out-of-plane magnetization being in the
upward and downward directions, respectively. The effect of polar-
ized laser pulses on Crl, magnetization is demonstrated by sweep-
ing the circularly polarized 2.03 eV photon pulses selectively on the
top flake indicated by the dashed box in Fig. 2b,d. Remarkably, as
illustrated in the figures, the magnetization of the regions illumi-
nated with circularly polarized photons turns into an upward or a
downward direction depending only on the helicity of the photons.
Specifically, with a photon energy of 2.03 eV, right circularly polar-
ized (RCP) light (6_) will switch the CrlI; magnetization to a down
state, and left circularly polarized (LCP) light (o,) will switch the
Crl, magnetization to an up state regardless of the initial magnetiza-
tion state. By stark contrast, when both flakes are exposed to linearly
polarized photons, multiple domains with random magnetization
directions appear on the flakes as shown in Supplementary Fig. 1.
The large domain size and small number of domains indicate that
the domain wall formation energy is large relative to the magneto-
static energy in Crl, flakes compared to in magnetic thin films such
as GdFeCo and Co/Pt multilayers, where many small domains with
random orientations are formed after linearly polarized light illu-
mination'>'**. Supplementary Fig. 2 summarizes the magnetization
switching of Crl, using 2.03 eV circularly polarized light pulses with
various laser fluences. It is shown that, with the highest power avail-
able, no thermal demagnetization is observed, which indicates that
the temperature of the sample did not exceed the Curie tempera-
ture T, of Crl, within the laser pulse duration. This is very different
from the metallic Co/Pt multilayer, in which twice the deterministic
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switching power is enough to realize the thermal demagnetization'.
This result shows low laser-induced lattice heating in the ferromag-
netic semiconductor and hints that the thermal contribution from
the exciting laser is not the main factor responsible for the switch-
ing of magnetization in Crl,. In Fig. 2e we demonstrate the deter-
ministic magnetization state switching utilizing circularly polarized
pulsed photons by performing four consecutive RMCD measure-
ments at a fixed spot on the sample between two circularly polar-
ized pulsed laser scans. The selective (Supplementary Fig. 3) and
deterministic control of magnetization has the potential to achieve
2D magnet-based magnetic storage and processing applications.

Unlike in the metallic ferrimagnetic thin film systems in which
varying the excitation photon energy does not affect the power
threshold for all-optical magnetization switching”, the semicon-
ducting nature of Crl, offers a platform to control the magnetization
switching processes using different optical excitations. Here, we first
magnetize the entire flakes to an up state by sweeping the magnetic
field to zero from the positive side. After scanning the entire flake
using laser pulses with fixed polarization (RCP, ¢.) and various pho-
ton energies and pulse fluences, we record the final magnetization
state of the flake and summarize the switching threshold in Fig. 3a.
In this figure, the solid and half-filled triangles represent the laser
fluence of the photon energy that is sufficient to either fully or par-
tially (Supplementary Fig. 4) switch the magnetization of the flake,
respectively, while the crosses correspond to the excitation ener-
gies in which the magnetization remains unchanged after polarized
light exposure. The red and blue colours map out regions, showing
whether deterministic switching was achieved. Surprisingly, when
using o_ polarized light, the switching fluence has a strong depen-
dence on the exciting photon energy. Even with the highest power
available, o_ polarized light with photon energies above 2.1eV and
below 1.7eV cannot disturb the magnetization state of the flake.
By contrast, with a photon energy between 1.7eV and 2.1eV, the
polarized photons can effectively switch the magnetization state
of the sample, and the power threshold lowers dramatically when
approaching 1.9eV from both directions.

To further investigate the all-optical switching behaviour in Crl,,
we performed a similar study using left circularly polarized (o, ) light,
and the results are shown in Fig. 3b. As shown in the figure, for photon
energiesabove2.1 eV, themagnetization transition fromtheup todown
state can be realized using LCP light. The down to up magnetization
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Fig. 3 | Fluence-dependent magnetization switching phase diagram for circularly polarized exciting photons with different energies. a,b, Fluence
threshold phase diagram of all-optical magnetization switching from the up to the down state in 3L Crl; using 6. (a) and o, (b) circularly polarized pulsed
photons. Solid and partially filled triangles represent the magnetization of the flake being fully or partially switched, respectively, using the selected

laser fluence at different excitation energies, while crosses represent no magnetization switching being achieved. Three energy regions with switching
behaviours are shown: (1) For energies below 1.7 eV, magnetization cannot be switched by circularly polarized light; (2) for energies between 1.7 and 2.1eV,
up-to-down-state magnetization switching is achieved by excitation with ¢_ photons; and (3) for energies above 2.1eV, magnetization is flipped from an up
to a down state with o, photon excitation. This energy-dependent and polarization-dependent magnetization switching behaviour was not observed in the
previously studied systems and strongly relates to the various excitonic transitions in semiconducting Crl..

switching is achieved using RCP light with photon energies above
2.1eV (Supplementary Fig. 5). We have studied both 3L and 5L
Crl, samples. All show similar magnetization switching behaviours.
(Supplementary Figs. 6 and 7). To better understand the switching
behaviour for exciting photons with different energies, we performed
broadband white light absorption measurements on a Crl, flake with
the same thickness deposited on a sapphire substrate. The measured
differential reflectance spectrum is proportional to the absorption
spectrum”>***. Four prominent absorption features labelled as i, ii,
iii and iv and centred around 1.7, 1.9, 2.4 and 2.6eV are shown in
lar to previously reported results***>*. This is due to the low quan-
tum yield efficiency of the detector used in this study at energies
below 1.7eV; it cannot detect the entire feature of the lowest energy
transition. The transition energy for feature i is at around 1.5V, as
shown in the previous studies***. The energy regions for different
magnetization switching behaviours (Fig. 3) match very well with the
observed absorption transitions. When the photon energy excites the
Cr d-d transitions centred at 1.5 eV, the circularly polarized light can-
not flip the magnetization state in Crl,. When the incident photon
pulses acquire an energy large enough to excite the ligand-to-metal
transitions at around 1.9eV and 2.3eV, RCP and LCP light, respec-
tively, with sufficient power can trigger an up-to-down state magne-
tization switching. This indicates that the all-optical magnetization
switching in Crl, has a strong connection to the specific excited elec-
tronic transitions and to the angular momentum transfer between
the excited carrier spins and the spins of the valence electrons, which
predominantly contribute to the out-of-plane magnetization.

To better understand the underlying mechanism in all-optical
control of magnetism in Crl,, we first review the IFE’' and
MCD*** mechanisms, which mainly contribute to the previously
observed all-optical helicity-dependent magnetization switching
in ferrimagnetic and ferromagnetic thin films. In the IFE mecha-
nism, an alternating electric field in circularly polarized light leads
to circular electron motion in a material, which will induce an effec-
tive magnetic field and affect the magnetization'>*'. However, the
direction of the induced magnetic field is solely dependent on the
optical circular polarization regardless of the photon energy. Here in
Crl,, it is clearly shown in Fig. 3a,b that opposite circular polarized
photons with different energies (above and below 2.1eV) have the

same effect in changing the magnetic state, thus ruling out IFE as
the dominant factor in magnetization switching in Crl,. The MCD
mechanism proposes that the thermal energy provided by the first
circularly polarized laser pulse will cause the temperature differ-
ence among regions with different magnetizations due to MCD. At
the appropriate laser fluence, the temperature of the hotter regions
is slightly higher than the Curie temperature T, while the cooler
regions still have a temperature below T.. After the first laser pulse,
the temperature will relax back to below T, and the hotter region
will experience a paramagnetic to ferromagnetic phase transition
and have an even distribution of magnetic domains with upward
and downward magnetizations as a result. Thus, multiple light pulse
exposures will result in a favourable magnetic state that absorbs less
with regard to certain circularly polarized photons®. To evaluate the
thermal contribution of the exciting laser pulses in Crl; magnetiza-
tion switching, we performed the MCD measurements as a function
of applied magnetic field with three different laser excitations: 1.58,
1.96 and 2.33 eV. As shown in Fig. 4c,d, when the field is withdrawn
to zero from the positive direction (red curve), the MCD (defined
as (AL—A)/(A_+A,), where A_ (A,) is the absorption of ¢_ (s,)
polarized photons) is positive when exciting with 1.96eV photons
and negative when exciting with 2.33eV photons. This shows that
the o_ and o, circularly polarized absorption is dominant for 1.96
and 2.33eV photons, respectively, and is consistent with observed
switching behaviours and a previous theoretical study”. The MCD
at zero field is only a few (few tenths of a) percent when using 1.96
(2.33) eV photons. This indicates that the absorption of two types
of circularly polarized photons at the same energy is very similar. If
the MCD mechanism is valid, one would expect that after reaching
the magnetization switching fluence threshold, further increasing
fluence would lead to a thermal demagnetization, since regions with
both magnetizations would have a temperature higher than T, after
laser pulse exposure given that the absorption difference between
different regions with opposite magnetizations for the same type of
circularly polarized photons is merely ~1.5% for 1.96eV (~0.15%
for 2.33eV) photons. However, as shown in Supplementary Fig. 2,
a laser fluence of ten times the threshold at 2.03eV leads to full
magnetization switching instead of thermal demagnetization. This
clearly excludes MCD from being the mechanism responsible for
the observed optical control of magnetization in Crl,.
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Fig. 4 | Excitonic transitions in 3L Crl; and circularly polarized photon absorption difference at selected energies. a, Differential reflectance spectrum of
3L Crl; on sapphire substrate. Four absorption features in the spectrum are attributed to an internal Cr d-d orbital transition (feature i) and ligand-to-metal
transitions (features ii, iii and iv). The energies for absorption transition features i, i and iii match very well with the energy regions of different
magnetization switching behaviours, suggesting that the magnetization switching is related to the exciton spins at different excitonic transitions.

b-d, RMCD as a function of applied magnetic field using 1.58 eV (b), 1.96 eV (c) and 2.33eV (d) photons measured at 1.6 K, red and blue arrows represent
the magnetic field sweeping directions. When the magnetic field is swept to zero from the positive direction, the RMCD signal is positive (negative) when
exciting with 1.96 (2.33) eV photons, indicating that the absorption of . (s,) polarized photons is dominant for 1.96 (2.33) eV photons. The absorption
differences for circularly polarized photons at each excitonic transition align very well with the energy regions in the magnetization switching phase
diagram, strongly suggesting the connection between excited carrier spins and the flipping of the magnetic moment.

We propose that the all-optical magnetization switching in Crl,
is achieved through angular momentum transfer from the photo-
excited carrier spins to the spins of the valence electrons occupying
the t,, orbitals of Cr atoms, instead of the purely thermal process of
the MCD mechanism”"*>**. The circularly polarized light will excite
electron-hole pairs with a preferred spin direction. The excitons
will recombine after relaxing to the valence band maximum and
conduction band minimum. The spin angular momentum is trans-
ferred from the excited carriers to the valence electrons, from which
the magnetization switching is achieved. From the switching behav-
iours illustrated in Fig. 3a,b, RCP photons with energy between 1.7
and 2.1eV and LCP photons with energy beyond 2.1eV lead to the
same magnetization state, indicating that photoexcited carriers by
two different photons (different regarding both energy and circu-
lar polarization) have the same type of spin. This is supported by
the opposite trend in the RMCD versus y,H plots using 1.96 and
2.33eV lasers as shown in Fig. 4c,d. The absorption imbalance at
zero field is caused by the spontaneous splitting between the two
states with different spin angular momentum values. The energy of
the state with up (down) spin will shift upward (downward) when
the magnetization is aligned in the upward direction.

In summary, we have demonstrated selective and deter-
ministic magnetization switching in Crl, utilizing a circularly
polarized pulsed laser. The unexpected energy-dependent and
polarization-dependent switching threshold behaviour points out
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the spin angular momentum transfer switching mechanism. Our
research provides a better understanding of the interactions between
polarized photons and magnetic materials in an all-optical magneti-
zation switching mechanism that is not accessible in other magnetic
thin film systems. Our work shows that layered van der Waals fer-
romagnets present a new platform for exploring all-optical magne-
tization switching and the potential applications in magneto-optical
memory, data storage and processing applications.
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Methods

Growth of Crl, bulk crystals. Bulk Crl, crystals were synthesized by chemical
vapour transport, as described previously™. The elements were sealed in an
evacuated ampoule (109.0 mg Cr chunks, 1 equiv., Alfa Aesar, 99.999% purity;
798.0mg I, crystals, 1.5 equiv, Alfa Aesar, 99.999% purity). The ampoule was heated
to 650 °C at the feed and 550 °C at the growth zone. After a week, the ampoule was
cooled, and the reaction yielded crystals with 1-2 mm edge length. CrI, produced
by this method crystallized in the C2/m space group with typical lattice parameters
of a=6.904 A, b=11.899 A, c=7.008 A and = 108.74° at room temperature.

In a typical sample, the crystals exhibit a Curie temperature of 61 K as well as a
structural phase transition to the space group R3 at 210-220K (ref. **).

Sample preparation. Bulk CrI, crystals were exfoliated onto 300 nm SiO,/

Si substrates. Using the optical contrast between the flakes and the substrate,
thin-layer flakes of CrI, were identified and either encapsulated with 40- to
50-nm-thick hBN flakes or picked up and transferred to sapphire substrates for
all-optical magnetization switching or white light absorption measurements,
respectively. The van der Waals assembly was created through a dry transfer
technique with a stamp consisting of a poly(propylene) carbonate film stretched
over a polydimethylsiloxane stack™. To prevent Crl, samples from degradation, all
steps of the assembly process were performed in a glove box with a N, atmosphere
(<0.1 ppm of water and oxygen); all the optical measurements were carried out

in either an attoDRY cryostat or a Montana cryostat in which the sample is kept
under ultrahigh pure He gas or vacuum condition; and the samples were carried
using a container filled with N, or He gas during transportation between the
glove box and optical cryostat. The samples were exposed to air during the sample
loading and unloading process for less than one minute. Under these conditions,
we were able to study the same sample for magnetic switching behaviour for

a total of nine sets of measurements in a period of ten months. In total, we
studied the all-optical switching of magnetization on three Crl, samples (two
hBN-encapsulated 3L Crl, samples (Supplementary Fig. 6) and one hBN-capped
5L Crl, on sapphire sample (Supplementary Fig. 7)). All showed similar
magnetization switching behaviours.

Optical measurements. RMCD measurements of the Crl, samples were performed
in an attoDRY 2100 cryostat with a base temperature of 1.6 K and an application
of magnetic fields of up to 9 T. RMCD imaging, which is used to determine the
magnetization state before and after the pulse laser excitation of the Crl, flakes,
was acquired using a 632.8 nm He-Ne laser with a beam spot of ~1 pm in diameter
and a power of ~5pW. A magnetic-field-dependent RMCD hysteresis study was
carried out using three continuous wave lasers with different wavelengths: 532nm,
632.8nm and 785nm.

For the magnetization switching experiments (performed at 1.6 K), we used
ultrafast laser pulses, with a central wavelength ranging from 525 to 860 nm, a
pulse duration of ~100fs, a repetition rate of 80 MHz and a beam spot of ~1.5 pm
in diameter. The helicity of the light was controlled using a combination of a linear
polarizer and a quarter-wave plate, which transforms linearly polarized light to
either left (,) or right (6_) circular polarization. To sweep the laser on the sample,
a raster-scanning approach was used. The sample was placed on a piezoelectric
scanner and was scanned with an average speed of ~0.6 pms™. For a sample
dimension of 15 um by 10 um (discussed in Figs. 1-3), it takes approximately
6 minutes (a total of 15 steps in the vertical direction) to complete a single scan.
We used laser powers ranging from 0.5 to 13 mW to determine the switching
fluence threshold.
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For the white light reflectance measurements, the CrI,/sapphire sample was
mounted on a Montana cryostation with a base temperature of 4K. A tungsten—
halogen lamp was used as the white light source, and the reflected signal was
detected using a Horiba spectrometer and an ultraviolet-enhanced Si CCD
(charge-coupled device). The differential reflectance, (R-R,)/R,, was obtained by
subtracting and normalizing the Crl; reflectance (R) by the reflectance of the bare
sapphire substrate (R,).

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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