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Abstract  

The advent of van der Waals (vdW) ferromagnetic (FM) and antiferromagnetic (AFM) 

materials offers unprecedented opportunities for spintronics and magneto-optic devices. Combining 

magnetic Kerr microscopy and density functional theory calculations, we investigate the AFM-FM 

transition and discover a surprising abnormal magneto-optic anisotropy in vdW CrSBr associated to 

different magnetic phases (FM, AFM, or paramagnetic state). This unique magneto-optic property 

leads to different anisotropic optical reflectivity from different magnetic states, permitting direct 

imaging of the AFM Néel vector orientation and the dynamic process of the AFM-FM transition within 

a magnetic field. Using Kerr microscopy, we not only image the domain nucleation and propagation 

process but also identify the intermediate spin-flop state in the AFM-FM transition. The unique 
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magneto-optic property and clear identification of the dynamics process of the AFM-FM phase 

transition in CrSBr demonstrate the promise of vdW magnetic materials for future spintronic 

technology. 

 

 

1. Introduction 

Since the discovery of a long-range magnetic order in two-dimensional Cr2Ge2Te6
[1] and CrI3,[2] 

van der Waals (vdW) magnets have drawn great interest because they can be easily exfoliated down 

into a monolayer while retaining the magnetic order. Compared with conventional magnets, vdW 

magnets show larger response under the application of strain,[3] pressure,[4] doping,[5,6] and voltage 

gating,[7] exhibiting excellent magneto-electrical properties,[8-10] intriguing magneto-optical 

properties,[11,12] and fascinating topological magnetic structures.[13,14] As a counter partner of 

ferromagnetic (FM) materials, antiferromagnets (AFM) have drawn enormous attention during the 

past decade due to their robustness against magnetic fields, no stray fields, ultrafast dynamics, 

etc.[15,16] Thus, it is desirable to realize AFM-FM dual states in the same materials to establish the 

importance of both FM and AFM materials. However, unfortunately, it is almost impossible to align 

AFM order into FM order by applying an easily reachable magnetic field in conventional AFM 

materials.[17,18] vdW AFM materials offer a unique opportunity because of their much weaker 

interlayer coupling than intralayer coupling. In vdW AFM materials that have FM order in each layer 

but AFM order between the nearest neighbor layers, it is possible to switch the vdW AFM order into 

the FM order by applying a magnetic field to overcome interlayer coupling.[2,4,5,8,11] 

Among these vdW AFM materials, CrSBr[19-27] has stood out recently due to its high air stability, 

high Néel temperature (TN=132 K), high bulk Curie temperature (TC~160 K), A-type antiferromagnet 

(AFM), semiconductivity and etc. Each rectangular layer (Figure 1A) of the vdW CrSBr exhibits an in-

plane anisotropic FM order. These FM layers couple antiferromagnetically along the stacking direction. 

In particular, the exfoliated CrSBr flake exhibits a rectangular shape with long edge points along the a-

axis and short edge points along the b-axis (easy spin axis).[21-26]. With a semiconducting bandgap and 
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a strong magnetic order-tailored interlayer electronic coupling, CrSBr has been demonstrated to show 

unique properties in the characterization of Raman spectroscopy,[26] photoluminescence,[23] second 

harmonic generation,[21] magnetoresistance,[22] and electronic transport[24] experiments. 

As a basic first-order phase transition phenomenon, the investigation of AFM-FM transition 

and spin-flop transition in AFM has been hindered in the long term by a high critical magnetic 

field,[17,18] multidomain structure,[28,29] lack of technique to directly determine the compensated Néel 

vectors and more. The relatively weak antiferromagnetic interlayer coupling[19,20] in CrSBr yields a 

small magnetic field for AFM-FM phase transition and the spin-flop.[21-26] Moreover, CrSBr exhibits a 

single domain with Néel vector along the well-defined b-axis, which establishes CrSBr as an ideal 

candidate to study the magnetic order-related phenomenon. Recent magneto-transport 

measurements have reported layer-dependent interlayer spin reorientation by speculating from the 

plateaus of resistance results and numerical calculation.[30] Controversies regarding the positive or 

negative magnetoresistance in CrSBr, especially field-induced spin reorientation, have been 

raised.[22,25,30] Previous literature has revealed inhomogeneous AFM-FM phase transformation at 

different regions of the sample and multiple domain evolution modes in FeRh,[31,32] and 

antiferromagnetically coupled multilayers.[33] However, spatially-resolved direct imaging of field-

induced spin reorientation and the dynamic process of AFM-FM transition in CrSBr has been lacking 

thus far. 

The absence of a net magnetic moment makes the direct determination of the AFM Néel 

vector quite challenging. Utilizing X-ray linear dichroism effect, photoemission electron microscopy 

(PEEM) was used to image the AFM domains.[34,35] Unfortunately, PEEM does not allow the 

simultaneous application of magnetic fields and domain imaging, leaving the investigation of magnetic 

field-driven AFM-FM phase transitions to resort to other techniques. Neither the spin-polarized 

scanning tunneling microscopy[36,37] nor magnetic force microscopy[38,39] could easily offer the imaging 

of compensated AFM Néel vector reorientation under an in-plane scanning magnetic field. Previous 

studies have reported anisotropic electronic conductivity between the in-plane a-axis and b-axis[25] 

and an abrupt switch in the photoluminescence spectra from AFM to FM order,[23] suggesting the 

possibility to determining the Néel vector magneto-optically and directly imaging the AFM-FM phase 

transition of CrSBr. The direct determination of the compensated AFM Néel vector was realized 
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through the magneto-optical Voigt effect or the optical birefringence effect in CuMnAs,[40] NiO[41] and 

CoO.[42] Here by using a magneto-optic Kerr microscope, we demonstrated the direct imaging of AFM 

order and AFM-FM phase transition in vdW AFM CrSBr. Combining the properties of 2D vdW materials 

and AFM characteristics, CrSBr offers great potential for future 2D AFM spintronics and device 

applications. 

 

2. Results and discussions 

2.1 Magnetic order-dependent magneto-optical Kerr signal 

In this work, we first investigated the macroscopic magnetization of CrSBr as a function of the 

magnetic field using a vibrating sample magnetometer (VSM) and the magneto-optic Kerr effect 

(MOKE).[43] CrSBr single crystals were synthesized using a chemical vapor transport method 

[Experimental Section] [Materials and Methods].[30] We mechanically exfoliated a flat CrSBr crystal 

from the bulk crystal and stamped it onto a silicon wafer for VSM and MOKE characterization. The M-

H loops obtained by VSM at three measurement geometries (Figure 1B-D) clearly showed the 

anisotropic magneto-crystalline properties of CrSBr, where the in-plane b-axis is the easy axis and in-

plane a-axis and out-of-plane c-axis are the secondary easy and hard axis, respectively. In contrast to 

the VSM result, which showed the expected antisymmetric shape of the hysteresis loop (e.g., opposite 

saturation magnetizations at opposite saturation magnetic fields), the Kerr signal (Figure 1E) from the 

same CrSBr crystals exhibited an almost symmetric shape of the hysteresis loop (e.g., identical 

saturation Kerr values at opposite saturation magnetic fields) below its Néel temperature (TN~132 K) 

(Figure 1F-H). This is particularly evidenced by the sudden jump of the Kerr signal at the AFM-FM phase 

transition for H//b axis (Figure 1G) and by a continuous change in the Kerr signal for H//a axis (Figure 

1F) and H//c axis (Figure 1H) below the TN. With increasing temperature, both the longitudinal Kerr 

signals for H//b axis (Figure 1G) and H//a axis (Figure 1F) become an almost flat line above TN, where 

the AFM order between different layers vanishes. For H//c axis (Figure 1H), the polar MOKE signal is 

dominated by symmetric shape below TN and changes to the normal hysteresis loop shape for 

temperature above TN but below its TC (TN<T<TC~160 K). The above results confirm that the Kerr signal 

from CrSBr below TN is dominated by the states of AFM or FM order between adjacent layers rather 
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than by the sign of net magnetization. In other words, the sign of the magnetization along one axis 

contribute much less to the Kerr signal than the magnetic ordering state which corresponds to the 

AFM-FM transition of CrSBr. 

 

Figure 1. Structure and magneto-optic properties of CrSBr. A) Crystal structures of CrSBr with the top 

and bottom images show the top view and side view of the structure. Hysteresis loop at 77 K measured 

by VSM with magnetic field along B) a axis, C) b axis, and D) c axis of CrSBr. E) Schematic drawing of 

the measurement geometry for longitudinal MOKE in F) and G) with p-polarized incident light. H) is 

measured in polar MOKE geometry with normal incident light. Magneto-optic Kerr signal as a function 

of magnetic field covering a temperature range from 77 K to 137 K with field along (F) a axis, (G) b axis 

and (H) c axis, where ∆I/I is defined as the change of amplitude of measured light intensity over the 

average intensity value during one cycle of field sweeping process. 

 

2.2 Anisotropic reflectivity of antiferromagnetic, ferromagnetic and paramagnetic CrSBr 
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            Generally, the MOKE signal is determined by the dielectric tensor, with the diagonal symmetric 

elements determining the reflectivity and the antisymmetric off-diagonal elements determining the 

antisymmetric hysteresis loop from the net FM magnetization.[43] The MOKE result in Figure 1 indicates 

that the MOKE signal in CrSBr is dominated by the symmetric elements of the dielectric tensor as 

opposed to the antisymmetric off-diagonal elements of the dielectric tensor in ordinary magnetic 

materials. This result is in good agreement with the magnetic space group analysis, in that the 

antisymmetric off-diagonal elements are zero [Experimental SectionMaterials and Methods]. Since 

symmetric dielectric tensor is diagonalized in the frame of principal axes, a- and b-axis, in the CrSBr 

crystal,[41,42] the symmetric MOKE loops in Figure 1 must have originated from different dielectric 

constants along the a- and b-axis in CrSBr (e.g., ɛa≠ɛb, where ɛa and ɛb are the dielectric constants for 

polarization parallel to the a- and b-axis, respectively), which had the same origin with optical 

birefringence. To confirm this theoretical analysis, we performed polarization-dependent reflectivity 

measurements on the AFM, FM, and paramagnetic (PM) phases of CrSBr to explore the magnetic 

order-dependent diagonal part of the dielectric tensor or optical conductivity. The optical images of 

two CrSBr samples with orthogonally aligned crystal axes and with normal incident light (Figure 2A-F) 

were taken simultaneously to exclude the background of polarization-dependent intensity of incident 

light. Indeed, we found the anisotropic reflectivity at different polarizations of incident light for CrSBr 

samples in all magnetic phases here. In the AFM phase (Figure 2A, B) and FM phase (Figure 2C, D) at 

77 K, samples A and B exhibited obviously different reflectivity. In the PM phase at 300 K (Figure 2E, 

F), the CrSBr showed reversed contrast for samples A and B as compared to those in the AFM and FM 

phases., indicating that the magnetic order-dependent reflectivity had different dielectric constant 

values from the crystal asymmetry-dependent reflectivity. 
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Figure 2. Anisotropic reflectivity of AFM, FM and PM CrSBr. A-F) Magneto-optic image of two samples 

of CrSBr with the b-axis of sample A (labeled with blue dashed line) aligned vertically and b-axis of 

sample B (labeled with red dashed line) aligned horizontally, taken with the polarization of normal 

incident light at (A, C, E) φ=0° and (B, D, F) φ=90°, respectively. Optical images of CrSBr at (A, B) AFM 

state (H=0 Oe), (C, D) FM state (H=5400 Oe) at 77K and (E, F) PM state (H=0 Oe) at 300 K were taken. 

G) Sschematic drawing of measurement geometry with the polarization φ defined as the angle 

between the polarization of incident light and a-axis of sample B. The summarized relative reflectivity 

as a function of incident light polarization angle φ from H) AFM and FM state at 77 K and I) PM state 

at 300 K from samples A and B, where the relative reflectivity is defined as the ratio of reflected light 

intensity over that from sample A [AFM state in (H) and PM state in (I)] with polarization of incident 

light at φ=0° (Supplementary Figure S1). J) Ttypical magneto-optic hysteresis loops at various 

polarization angles, where the jump of reflectivity corresponds to the AFM-FM phase transition. K) 
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Ssummarized polarization angle dependent reflectivity difference between FM and AFM phase, i.e., 

∆I/I from (J). The scale bar indicated in Figure 2B is 40 μm. 

 

            Figure 2H and Figure 2I show a quantitative result of the polarization-dependent reflectivity 

after excluding the background of the polarization-dependent intensity of incident light and slightly 

adjusting the phase due to sample tilting (Supplementary Figure S1 and Experimental Section). 

Samples A and B exhibited a clear cos2φ dependence of the polarization angle for all AFM, FM, and 

PM phases of CrSBr, confirming the uniaxial anisotropic optical properties. Furthermore, the different 

cos2φ dependences for these three phases indicated that the values of ɛa and ɛb had a strong 

dependence on the magnetic phases (e.g., AFM, FM, or PM). We noticed that the FM phase has a 

smaller anisotropy amplitude (|ɛa−ɛb|) than the AFM phase. To be specific, sample B exhibited 

identical reflectivities for FM and AFM phases at φ=0° and a maximum reflectivity difference for FM 

and AFM phases at φ=90° (Figure 2H), which is consistent with the theoretical calculation in the next 

part. To explore the polarization-dependent reflectivity due to the AFM-FM phase transition in CrSBr, 

the reflected intensity of sample B was measured at different polarization angles as the magnetic field 

swept along the b-axis (Figure 2J). At φ=0°, the reflectivity had little dependence on the magnetic field. 

As φ increased, the reflectivity exhibited a clear magnetic field dependence which is almost identical 

to the MOKE loops shown in Figure 1G. The difference in the reflectivity at zero and saturation field 

(Figure 2K) shows a sin2φ dependence, consistent with the polarization-dependent reflectivity in Fig 

2H. Therefore, the hysteresis loops in both Figure 2J and Figure 1G are from the same origin as the 

reflectivity difference in AFM-FM phase transition. We also noticed that magnetic field of 5400 Oe was 

not large (almost) enough to align the magnetizations in the field direction along the in-plane hard 

magnetization axis (a-axis in Figure 2C), leading to a slight difference between the FM phases of 

sample A and sample B (Figure 2H, Supplementary Figure S1).  

            To provide a quantitative description of the reflectivity in the AFM and FM phases, we 

decomposed the polarization of incident light polarization in the ab plane along the a- and b- axes. We 

define 𝑅𝜑
𝐹  and 𝑅𝜑

𝐴 to be the reflectivity of FM and AFM phases, respectively, at the polarization angle 
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of φ, and 𝑛𝑎𝐹, 𝑛𝑏𝐹, 𝑛𝑎𝐴, and 𝑛𝑏𝐴 to be the refraction indices for polarization along the a- and b- axes 

in FM and AFM phase, respectively. Then 𝑅𝜑
𝐹  and 𝑅𝜑

𝐴 can be expressed as follows: 

                                   𝑅𝜑
𝐹,𝐴 = |

1−𝑛𝑎𝐹,𝐴

1+𝑛𝑎𝐹,𝐴
|

2

 𝑐𝑜𝑠2𝜑 + |
1−𝑛𝑏𝐹,𝐴

1+𝑛𝑏𝐹,𝐴
|

2

𝑠𝑖𝑛2𝜑                                        (1) 

            At 𝜑 = 0°, Figure 2H shows 𝑅𝜑
𝐹 = 𝑅𝜑

𝐴 so that 𝑛𝑎𝐹 = 𝑛𝑎𝐴. At 𝜑 = 90°, Figure 2H shows 𝑅𝜑
𝐹 ≠

𝑅𝜑
𝐴 so that 𝑛𝑏𝐹 ≠ 𝑛𝑏𝐴. The polarization angle-dependent reflectivity difference between FM and AFM 

phase can then be described as 𝑅𝜑
𝐹 − 𝑅𝜑

𝐴 = [|
1−𝑛𝑏𝐹

1+𝑛𝑏𝐹
|

2
− |

1−𝑛𝑏𝐴

1+𝑛𝑏𝐴
|

2
]𝑠𝑖𝑛2𝜑, which is consistent with the 

fitting result shown in Figure 2K. 

2.3 Theory revealing of the magneto-optical properties 

 

Figure 3. Density functional theory calculations of the optical response of CrSBr. Electronic band 

structure of CrSBr in A) FM and B) AFM states. C) Ccalculated real part and imaginary part of the optical 

conductivity as a function of the photon energy. D) Ccalculated reflectivity in CrSBr as a function of 

polarization angle of incident light with wavelength of 620 nm in FM and AFM states, respectively. 
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We performed a density functional theory calculation [Experimental SectionMaterials and 

Methods] of the optical conductivity of CrSBr. The band structures in the FM and AFM states are 

shown in Figure 3A and B, which are consistent with those in previous studies.[23,44] We first 

numerically confirmed that 𝜎𝑎𝑏 = 0, which is in accordance with the symmetry analysis [Experimental 

SectionMaterials and Methods]. We then calculated the real and imaginary part of 𝜎𝑎𝑎 and 𝜎𝑏𝑏 as a 

function of the photon energy in both FM and AFM states, as shown in Figure 3C. By extracting the 

optical conductivity at 2.0 eV and using Equation (1), we obtained reflectivity at different polarization 

angles, as shown in Figure 3D. We found the reflectivity in FM state is always larger than that in AFM 

state. The reflectivity in both FM and AFM states decrease at larger polarization angle of incident light, 

with a relatively small difference at 𝜑 = 0° and maximum difference at 𝜑 = 90°, a trend that agrees 

well with the experimental data shown in Figure 2H.  

 

2.4 Direct imaging of the AFM-FM phase transition in CrSBr 

The crystal lattice induced optical anisotropy is related to the angle between light polarization 

and crystal axis, while the magnetic order induced optical anisotropy is related to the angle between 

light polarization and spin axis. If we apply a large magnetic field to rotate the spin completely away 

from b-axis to a-axis, the crystal lattice induced optical anisotropy will remain the same while the 

magnetic order induced optical anisotropy will be modulated by 90 degrees thus providing a good 

method to separate the optical anisotropy induced by the lattice from the optical anisotropy induced 

by the magnetic order at 77 K. Although the equipment does not allow us to apply a magnetic large 

enough to fully saturate the spin along a-axis, we applied a magnetic field of 5400 Oe (Figs. 2C and 2D) 

along a-axis and determined the anisotropic reflectivity induced by the crystal lattice, AFM order and 

FM order combining the results in Figs 2A, 2B and 2H (discussion after Fig. S1 in supplementary file).  

In Fig. 2C, 2D and 2H, the application of 5400 Oe along a-axis to sample A showed the absence of 90-

degree rotation of anisotropic reflectivity, which suggests the contribution of optical anisotropy 

induced by crystal lattice is larger than that induced by magnetic order at 77 K. We found the crystal 

lattice induced optical anisotropy changed at different temperatures and showed an opposite sign 

between 77 K and 300 K (discussion after Fig. S2 in supplementary file), which can be further confirmed 
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in the temperature-dependent reflectivity in the paramagnetic region of Fig. S2i. Figure 4A shows the 

spin orientation dependent optical reflectivity in both contributed by the AFM and FM orders phases 

at 77 K with fixed light polarization along the b-axis after subtracting the background of Figure 2I from 

Figure 2H, demonstrating the realization of optically imaging the AFM Néel vector direction. This 

process is based on the consideration that the magnetic order-related optical contrast at low 

temperatures can be obtained after removing the temperature-independent crystal asymmetry part 

from the overall optical asymmetry. (Supplementary Figure S2), which is similar to the X-ray linear 

dichroism effect in AFM in that both temperature-dependent AFM order and temperature-

independent crystal field contribute to the dichroism.[45,46] The reflectivity showed a strong angular 

dependence on the spin direction relative to the b-axis, i.e. both the reflectivity in FM and AFM phases 

increased as the spin tilts towards a-axis for light with a fixed polarization direction along b-axis. In 

another word, the deviation of spin orientation away from the light polarization led to larger 

reflectivity. Moreover, the reflectivity contrast between the FM and AFM phases increases as the spin 

direction tilts towards the b-axis. This trend fits well with the theoretical prediction of spin 

angleorientation-dependent reflectivity based on symmetry analysis [Experimental Section] 

[Materials and Methods], which are shown in the solid lines.  
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Figure 4. Direct imaging of the domain change during AFM-FM phase transition of CrSBr. A) Reflectivity 

of CrSBr with fixed polarization direction of incident light along b-axis as a function of spin 

orientationangle in both AFM and FM phases at 77 K. Black cross and red stars are from the 

experimental result while the solid lines are from theoretical predications based on symmetry analysis. 

B) Hhysteresis loop with magnetic field applied along b-axis from the macroscopic averaged signal of 

CrSBr sample at 77 K. C) Ffield-dependent grayscale values from selected regions as labeled in (D).  

Compared with the macroscopic hysteresis loop in (B), the spatially-resolved hysteresis loop in (C) 

provided more information of the different critical fields and spin configuration changes during the 

AFM-FM transition from different selected regions. The arrows in (B) and (C) indicate the reflected 

grayscale change during the field sweeping process. D-U), sSelected magnetic domain changes from 

AFM phase to FM phase for the field increasing from 2570 Oe to 3265 Oe. The red dashed lines in (J, 

K, M) indicates the additional brighter contrast of white color during the spin-flop transition. The same 

sample position is indicated as the defects pointed with black arrows in (I, O, U). The scale bar 

indicated in Figure 43D is 30 μm. The grayscale of selected regions changed from dark, to an 
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intermediate white and finally to gray with increasing magnetic field. For example, the region 3 

(labeled as pink square) is dark from 2570 Oe (Figure 4D) to 2991 Oe (Figure 4J), changes to white 

from 3008 Oe (Figure 4K) to 3132 Oe (Figure 4P), and finally to gray from 3138 Oe (Figure 4Q) to 3150 

Oe (Figure 4U). 

 

            Based on the unique magneto-optic property, we imaged CrSBr to further reveal the detailed 

AFM-FM phase transition, where the macroscopic averaged reflectivity showed a sharp transition as 

the magnetic field swept along the b axis (Figure 4B). Using Kerr microscopy, we captured the domain 

images throughout the whole process, from the remanent AFM phase to the saturated FM phase, by 

sweeping the magnetic field at a fine step of 1.5 Oe (Figure 4D-U). We selected 5 different regions to 

obtain comprehensive information and extracted the grayscale values as a function of the magnetic 

field. First, we noticed that different regions from different terraces of sample, which has different 

thicknesses, had different critical fields of the AFM-FM phase transition (Figure 4C). This observation 

could not be obtained from the macroscopic average measurements. As the magnetic field increased, 

FM domains (gray color regions in Figure 4) initially nucleated around the sample edges or near defects 

in the background of AFM domains (dark color regions in Figure 4) and then expanded by domain wall 

motion to eventually dominate the whole sample region. We speculate the sample edges or the 

defects can modify the magnetic anisotropy or the interlayer exchange coupling strength, thus lead to 

variation of spin-flop transition field[30] and cause initial nucleation at these places. We also noticed 

an interesting phenomenon that the frontside of the domain wall motion always seemed to be 

accompanied by an additional brighter contrast of color white before the transition of the contrast 

from a dark color to gray [(Supplementary video)]. In another word, the grayscale of selected regions 

changed from dark, to an intermediate white and finally to gray with increasing magnetic field. For 

example, the pink square region (region 3) is dark from 2570 Oe (Figure 4D) to 2991 Oe (Figure 4J), 

changes to white from 3008 Oe (Figure 4K) to 3132 Oe (Figure 4P), and finally to gray from 3138 Oe 

(Figure 4Q) to 3150 Oe (Figure 4U). This additional brighter contrast suggests a possible intermediate 

state of spin-flop transition for CrSBr interlayer AFM spins during the AFM-FM transition process. Spin-

flop transition in an AFM means that when a magnetic field is applied along the direction of the spins 

in a two-sublattice AFM, as the field increases and exceeds a critical value, the spins of both sublattices 
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suddenly rotate and align almost perpendicular to the field direction in a canted, spin-flop 

state.[17,18,28,29] During the AFM-FM phase transition of CrSBr, a magnetic field was applied along the 

b-axis. The spin of CrSBr changed from an AFM phase with spin aligned along b-axis, to a spin-flop 

state with component of spin orientation along both a- and b-axes, and finally to a FM state with spin 

aligned along b-axis (Figure 5A). This component of spin orientation along a-axis at spin-flop state 

should lead to larger reflectivity than the AFM and FM phases with spin along b-axis considering the 

spin orientation dependence of reflectivity in Figure 4A. Correspondingly, the selected regions should 

show an enhancement of grayscale values before a sharp decrease, as clearly shown in regions 1 to 5 

(Figure 4C). Figure 4J [pink square], K [green square] and M [magenta square] demonstrate the spin-

flop transition state [i.e., white color] for regions 4, 5, and 3, respectively. Considering that the spin-

flop transition has a sensitive dependence on the magnetic field and only existed in a limited series of 

frames of images in most cases, the changes in grayscale values of the intermediate spin-flop 

transition state were only reflected as bumps or spikes in most selected regions. An additional brighter 

contrast for spin-flop transition state also appeared in the reversed FM-AFM phase transition process 

with decreasing field strength along the b-axis (Supplementary Figure S3). Besides the thick bulk 

crystals with the thickness in the order of hundred micrometer, we also observed anisotropic 

reflectivity associated to different magnetic phases (FM, AFM, or paramagnetic state) and clear spin-

flop related domain contrast during an AFM-FM transition on thin flake (Supplementary Figure S5). 
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Figure 5. Domain images and corresponding spin configurations during AFM-FM phase transition of 

CrSBr. A) Sselected domain images from region 3 in Figure 4 and spin configurations for AFM phase, 

spin-flop state and FM phase. B) Sselected domain images with multiple gray scales from the area 

labeled with a blue square just above region 4 in Figure 4I, and corresponding spin configurations 

during the AFM-FM phase transition process. The scale bar is 10 μm. 

 

            Based on the spin orientationangular dependence of the contrast values in Figure 4A, we were 

able to determine the spin tilting angle of the spin-flop state in the transition region, which is difficult 

to obtain in the macroscopic measurement. To capture the important physics without losing 

generality, as depicted in the schematic drawing (Figure 5A), we made a simple assumption that CrSBr 
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has uniform (as opposed to a spatial variation of) spin tilting angles relative to the b-axis, which is 

supported by the numerical calculation (Experimental Section Materials and Methods and 

Supplementary Figure S4). From the grayscale change in Figure 5A (region 3 of Figure 4c), the spin 

tilting angle was determined to be ~24.34°20.6° relative to the b-axis for the spin-flop state (discussion 

after Fig. S3 in supplementary file). We also noticed that multiple domain contrast existed in the AFM-

FM phase transition in addition to the white, gray, and dark color domains (e.g., in the area labeled 

with blue square above region 4). Since the reflectivity measurement probes were quite deep in 

materials[43] (more than 20 layers of CrSBr), we speculated that this phenomenon might be due to 

different pinning barriers in different layers, which should yield a layer-dependent critical field for spin 

flop transition (Figure 5B) and, thus, lead to different grayscales of domain contrast in the field-

sweeping process. Depth-dependent switching fields and multistep spin-flop transitions were 

reported in multilayers[33] and the vdW material MnBi2Te4,[4547] respectively. Although we could not 

pinpoint the particular spin configurations during the AFM-FM phase transition, we also found that 

multistep spin-flop transitions exist in the in-plane-oriented A-type vdW AFM CrSBr. 

 

3. Conclusion  

            The experimental and theoretical results presented here revealed a novel magneto-optic effect 

in vdW CrSBr: different magnetic phases of this material lead to different dielectric anisotropies. 

Consequently, optical imaging of the anisotropic reflectivity can be used to directly image the AFM 

spins and the AFM-FM phase transition in CrSBr. This method reveals enormous prospects for the 

optical imaging of van der Waals antiferromagnets with AFM order-related structural deformation,[4648] 

especially for materials with simple in-plane asymmetry, such as uniaxial and four-fold structure. The 

identification of the spin-flop state and its spin configuration explores the intermediate states of the 

AFM-FM transition in CrSBr, which enriches our understanding of the AFM-FM phase transition 

process. The realization of optical determination of the spin orientation and magnetic order in CrSBr 

establishes this material as a promising candidate for future magnetism control and engineering in 2D 

AFM spintronics. 
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4. Experimental SectionMethods 

Bulk Crystal Synthesis: A chemical vapor transport method was used to synthesize the high-quality 

bulk CrSBr single crystals. The stoichiometric mixture of Cr, S, and Br was sealed in a quartz tube under 

high vacuum. A pre-reaction process was done at 700 °C for 10 hours. Then, a temperature gradient 

from 850 to 900 °C between the source and growth ends in a two-zone tube furnace was kept for 25 

hours. After reversing the temperature gradient and gradually increasing the hot end from 880 to 950 

°C, plate- or needle-like CrSBr single crystals can be obtained with lengths up to 2 cm.  

 

VSM measurement: The magnetic properties of CrSBr crystal were measured in a Quantum Design 

magnetic property measurement system (MPMS3). The mass of CrSBr crystal was calibrated as 0.6 

mg. The magnetization of a single crystal of CrSBr was measured as a function of the magnetic field 

strength with the field applied in a particular orientation with respect to the crystal axes. 

 

Kerr microscopy measurement: We used the commercial Kerr microscopy (Tuotuo Technology) in our 

measurement. The wavelength of light source is 620 nm and the light was focused down to a 1.2-mm 

diameter spot on the sample. The low-temperature measurement was performed in a cryostat which 

was cooled down through the flow of liquid nitrogen. For the hysteresis loops measured with field 

applied along the in-plane a-axis (Figure 1F) and b-axis (Figure 1G), the measurement geometry is in 

longitudinal magneto-optical Kerr mode with an oblique p-polarized incident light. For the hysteresis 

loops measured with field applied along the out-of-plane c-axis (Figure 1H), the measurement 

geometry is in polar magneto-optical Kerr mode with normal incident p-polarized light. For the 

measurement of reflectivity in Figure 2 and Figure 4, the polarizer in the path of reflected light was 

removed as shown in Figure 2G. In the study of magnetic domain imaging of CrSBr, we used a long 

working distance 20× objective with a 0.42 numerical aperture (NA), i.e. an incident angle of 24.8° 

relative the normal direction. To remove any influence of topography on the domain imaging, the 

magnetic domain images in Figure 4 were obtained by subtracting a background image at zero external 

magnetic field, which is a single domain.     
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Numerical simulation: The magnetization of each layer is considered as one macrospin following the 

AFM linear-chain model,[30,45,47,4749] and spins couple between adjacent layers through interlayer 

exchange coupling. Considering the exchange coupling energy, magnetic anisotropy energy and 

Zeeman energy, the total energy can be written as  

𝐸 = 𝜇0𝑀𝑠[
𝐻𝐽

2
∑ cos(𝜃𝑛 − 𝜃𝑛+1)𝑛=𝑁−1

𝑛=1 −
𝐻𝐾

2
∑ (𝑐𝑜𝑠𝜃𝑛)2 − 𝐻𝑛=𝑁−1

𝑛=1 ∑ 𝑐𝑜𝑠𝜃𝑛
𝑛=𝑁−1
𝑛=1 ]  

where 𝑀𝑠 is the saturated magnetization of a single layer and 𝜃𝑛 is the angle of macrospin in the nth 

layer, 𝐻𝐽 = 2𝐽/(𝜇0𝑀𝑆)  and 𝐻𝐾 = 𝐾/(𝜇0𝑀𝑆)  are the exchange energy and magnetic anisotropy 

energy, respectively.   

 

DFT and Wannier calculations: The density functional theory (DFT) calculations were performed using 

the Quantum Espresso (QE) package.[4850] Pseudopotentials of all mentioned atoms (Cr, S, and Br) with 

the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functions[4951] were 

obtained from the Standard Solid State Pseudopotentials (SSSP) library.[5052] To add the on-site 

Coulomb interaction in Cr, the GGA+U method[5153] was adopted, with U of 4.0 eV and J of 1.0 eV for 

d orbitals of Cr atom. Long-range van der Waals interactions were captured using DFT-D3 

corrections.[5254] Non-collinear magnetism and spin-orbital effects were also considered. The wave 

function kinetic energy cutoff and charge density cutoff were set to be 50 Ry and 400 Ry, respectively. 

A 1×1×2 supercell was constructed to separately describe the FM and AFM structures. The Brillouin 

zone was sampled by a 17×13×4 Γ-centered Monkhorst-Pack k-point mesh for both self-consistent 

field (SCF) and non-self-consistent field (NSCF) calculations. The Wannier calculations were performed 

using the wannier90 code[5355]. The maximally localized Wannier functions (MLWF) were obtained by 

projecting the Bloch wave functions from the NSCF calculations using trial orbitals (Cr-d, S-p, and Br-

p). The k-point mesh of the Brillouin zone was increased to 170×130×37 through Wannier 

interpolation, which has been tested and proven to yield converged results. Finally, the optical 

conductivity mentioned in Figure 3C was obtained using the postw90-berry-kubo module in the 

wannier90 post-processing program (postw90.x).   

 16163028, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202307259 by N
ational E

nergy T
echnology L

aboratory, W
iley O

nline L
ibrary on [15/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

  

 

This article is protected by copyright. All rights reserved. 

21 

 

 

Analysis of magnetic space group: Both the MOKE and the optical birefringence are determined by 

the optical conductivity tensor 𝜎𝑖𝑗 . One can divide the optical conductivity into a symmetric and 

antisymmetric part: 𝜎𝑖𝑗 = 𝜎𝑖𝑗
𝑠  + 𝜎𝑖𝑗

𝑎𝑠. The symmetric part transforms as a rank-two tensor, while the 

antisymmetric part is equivalent to an axial vector: 𝜎𝑖𝑗
𝑎𝑠 = 𝜖𝑖𝑗𝑘𝑑𝑘. To further analyze the form of the 

optical conductivity, we note that CrSBr has the magnetic space group Pmm’n’ and Panma in its FM 

and AFM state, respectively. Since both magnetic space groups contain a C2b and Mb symmetry in the 

corresponding point group, dz, or in other words, 𝜎𝑥𝑦
𝑎𝑠  is forbidden (the value of 𝜎𝑥𝑦

𝑎𝑠  is zero). This 

analysis is in good agreement with our experimental result that there is no magnetization-sign 

dependent MOKE signal. For the symmetric part, the mirror symmetry also forbids 𝜎𝑎𝑏
𝑠  (the value of 

𝜎𝑎𝑏
𝑠  is zero). As a result, a and b axis are the principal axis, under which 𝜎𝑖𝑗

𝑠  is diagonal. The 

birefringence then comes from the anisotropy in the diagonal elements, i.e., 𝜎𝑎𝑎 ≠ 𝜎𝑏𝑏. 

 

Symmetry analysis of spin orientationangle-dependent reflectivity: In magnetic materials the order 

parameter 𝑂 (FM order or AFM order) can affect the electronic response through the spin-orbit 

coupling. Therefore, we have 𝜎𝑖𝑗(𝑂) = 𝜎𝑖𝑗
0 + 𝛼𝑖𝑗𝑘

0  𝑂𝑘 + 𝛽𝑖𝑗𝑘ℓ 𝑂𝑘𝑂ℓ + ⋯ ,where the coefficients are 

determined by the crystalline point group. In CrSBr, the 𝑚𝑚𝑚 crystalline point group requires that 

𝛼𝑏𝑏𝑎
0 = 𝛼𝑏𝑏𝑏

0 = 0 and 𝛽𝑏𝑏𝑎𝑏
0 = 𝛽𝑏𝑏𝑏𝑎

0 = 0. As the order parameter rotates in the ab plane, we then 

have 𝜎𝑏𝑏 = 𝐴 cos2 𝜃 + 𝐵, with 𝐴 = (𝛽𝑏𝑏𝑎𝑎
0 − 𝛽𝑏𝑏𝑏𝑏

0 )𝑂2, 𝐵 = 𝜎𝑏𝑏
0 + 𝛽𝑏𝑏𝑏𝑏𝑂2 , and 𝜃 being the angle 

between the order parameter and a axis. Since both the refractive index and the reflectivity with the 

light polarized along the b axis depends on 𝜎𝑏𝑏, we then have 𝑅 = 𝑅1 cos2 𝜃 + 𝑅2. 

 

Statistical Analysis: In order to study the anisotropic reflectivity of bulk CrSBr in Figure 2, the software 

of Image J was used to extract the averaged grayscale values of pixels in the selected regions on 

Sample A and Sample B. We found the grayscale values as a function of the polarization direction of 

incident light can be well fitted by the formula of 𝑦 = 𝑎 cos2(φ + 𝑏) + 𝑐. The results were analyzed 

in the following steps. Firstly, since the in-plane crystal axis of the sample is not completely aligned 
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with the polarization angle of φ=0° or φ=90°, there is a phase difference which can be corrected by 

appropriate adjustment of the phase. Secondly, the intensity of incident light changes at different 

polarization, thus forming a background of the polarization-dependent intensity. We took the average 

of the grayscale values from sample A and sample B as the background, and subtract the background 

from the polarization angle-dependent grayscale values. According to that the reflectivity difference 

between AFM and FM phase was identified to be ~0% and ~5.3% at the polarization angle of 0° and 

90°, respectively, the polarization angle-dependent relative reflectivity of Sample A and Sample B was 

obtained from different magnetic phases (FM, AFM, or paramagnetic state). 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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