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Abstract

Abstract: We explore the magneto-optical Kerr effect (MOKE) for different spin
configurations of (Crls)s bilayer and (CrBrs/Crlz) mixed bilayer, using symmetry ar-
guments and first-principles electronic structure calculations. Starting from CrXs (X
= I, Br) monolayers, we considered collinear ferromagnetic (FM) and layered antifer-
romagnetic (AFM) states for (Crls)s and (CrBrs/Crls) bilayers. The AFM (Crls)s
bilayer does not show MOKE, consistent with the presence of a symmetry operator
combining inversion (/) and time reversal (7') symmetries. The FM state preserves
I symmetry but breaks the T symmetry, thus allowing a non-zero Kerr angle, which
is reversible by switching the FM spins. The (CrBrs/Crls) bilayer breaks both the [
and T symmetries and thus exhibits MOKE both in the FM and, remarkably, in AFM
states. In both FM and AFM configurations, the Kerr angle switches by reversing the
spins in both layers. Our study demonstrates that MOKE spectra can help character-
ize different magnetic configurations in these emerging two-dimensional (2D) materials
due to a different stacking of the monolayers, even in the AFM case. Note that the
present symmetry analyses and MOKE properties apply to more general 2D magnetic
van der Waals heterostructures. Furthermore, we propose (CrBrs/Crls) bilayer as a
promising candidate for AFM spintronics, since the two time-reversed AFM states are

associated with opposite Kerr rotation, i.e. they could be used as memory elements.

Keywords: Two-dimensional magnetic materials, Kerr effect, density functional theory
calculations, magnetic symmetry, spin-orbit and spin-texture, switching properties, antifer-

romagnetic spintronics

1 Introduction

Starting from the experimental demonstration of intrinsic ferromagnetism (FM) in Crls
monolayer! and CryGeyTeg atomic layers,? there has been very significant interest in two-

dimensional (2D) magnets.>® The Crlz! and CrBrs” monolayers have been successfully



exfoliated from their respective bulk crystals. Experimentally, magneto-optical Kerr effect
(MOKE) microscopy studies have demonstrated that Crl; monolayer and CroGesTeg atomic
layers show an Ising-like FM behaviour with out-of-plane spin orientation.!?® This immedi-
ately prompted extensive investigations on 2D magnets. For example, the CrBrs monolayer
is isostructural and isoelectronic with Crls and also shows an Ising-like FM behaviour with
spin orientation perpendicular to the layer.” CrCls has also been proposed as new FM mono-
layer. %11

Bilayers have also been studied, since they show intriguing properties.®'21* The recently
synthesized (Crlz), bilayer®1® is particularly interesting, since it is a 2D layered antiferro-
magnet with Neel temperature Ty = 45 K and undergoes a reversible transition between
AFM and FM states with magnetization that is linearly dependent on the external electric
field. 1215 Several explanations have been proposed for the bilayer antiferromagnetism. 31416
Theoretical studies suggest an intriguing connection between the stacking order and the mag-
netic properties of (Crls)s bilayer such that it is possible to tune the ground-state magnetic
order by varying the interlayer stacking order. This would justify the observed AFM order-

2 and may have direct implications on heterostructures made of 2D

ing in (Crlz), bilayer!
magnets. '’ Indeed, the appearance of 2D magnets has boosted the study of a wide range of
new van der Waals heterostructures (vdWHs) whose syntheses have now become possible,
offering new perspectives in this rapidly expanding field where the potential of technological
impact is enormous.!® In fact, exploiting the novel properties of these vdWHs with diverse
layering of metals, semiconductors or insulators, ferrelelectric or magnetic materials, new
designs of electronic devices emerge, including tunnelling transistors, barristors and flexible
electronics, as well as optoelectronic devices, including photodetectors, photovoltaics and
light-emitting devices with unprecedented characteristics or unique functionalities.
Antiferromagnets are attractive for spintronic applications because they have zero net

moment, thus exhibiting several advantages over ferromagnets for memory device applica-

tions: insensitivity to external magnetic fields, much faster spin dynamics (THz) and higher



packing density due to the absence of any stray field. % 2! Methods to achieve reversal of AFM
moments and detect them by electrical or optical means have attracted great attention.?? 24
For example, it was recently demonstrated that the spins can be reversed in a collinear AFM
CuMnAs thin film and can be electrically distinguished by measuring a second-order mag-
netoresistance effect.?? Furthermore, the control of magnetism by the application of small
gate voltages in field-effect devices was demonstrated in Crlz bilayer, showing their potential

applications in AFM spintronics. %12
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-

Figure 1: Schematic diagram of MOKE and its switching upon reversal of the magnetization
in (a) up-up (u-u), (b) down-down (d-d) FM states of (Crls)s bilayer and (c) up-down (u-d),
(d) down-up (d-u) AFM states of (CrBrs/Crl;) bilayer.

For a variety of magnetic systems, MOKE has been extensively employed as a very
sensitive probe of electronic structure, exchange coupling, magnetic anisotropy and lattice
symmetry breaking.?>26 The presence or absence of a MOKE signal depends on the mag-
netic symmetry of the material under investigation (Here, we assume the relevant tensor to
be the antisymmetric part of the dielectric (or impermeability) tensor, which is defined in
the Bilbao Crystallographic Server as the spontaneous Faraday tensor®?). More specifically,
Neumann’s principle?® prescribes that when the point group of the material contains either
the time reversal symmetry operator (7') or the time reversal combined with inversion (77),
there is no MOKE in the system. Thus, a magnetic material can become magneto-optically

active when both the T and TI symmetries are broken in the point group. In most com-



mensurate magnetic structures, the 7" symmetry is lost in the point group when magnetic
ordering (e.g., an AFM or FM ordering) takes place, while, in many cases, the T symmetry
survives. This opens up the possibility to turn on magneto-optical effects by breaking spatial
inversion, since breaking inversion (/) symmetry automatically results in breaking 7T sym-
metry, provided that 7' is already broken. For 2D systems, this can be achieved by breaking
the mirror reflection symmetry M, or the in-plane inversion symmetry C,, as confirmed by
some theoretical and experimental reports.2?3!

In this work, we study the MOKE (Crls); and (CrBrs/Crl;) bilayers where the spins
have a FM configuration with an out-of plane magnetic anisotropy in each CrXs (X =1, Br)
monolayer, see Figure 1. Each CrX; (X = I, Br) monolayer consists of edge-sharing CrXg
octahedra, which form a honeycomb lattice of Cr®* ions, see the inset of Figure 2. In the
(CrBr3/Crls) mixed bilayer, both the 7" and the M, symmetries are broken due, respectively,
to the FM order in each monolayer and the presence of two chemically distinct monolayers.
Using symmetry analyses and first-principles calculations, we show that (CrBrs/Crl3) bilayer
exhibits MOKE not only in the FM but also in the AFM arrangement between the two FM
layers. Interestingly, the MOKE can be switched by spin reversal in the AFM (CrBrs/Crl3)
bilayer — an appealing effect for AFM spintronics since the two time-reversed AFM states
of the mixed bilayer are associated with opposite Kerr rotation. Recently, there has been an
increasing interest in antiferromagnets as prospective spintronic materials for high-density
and ultrafast memory devices, owing to their vanishingly small stray field and orders-of-
magnitude faster spin dynamics compared to their FM counterparts. In our case, the two
AFM states (up-down vs down-up) are associated with two different Kerr signals, and,
therefore, could be treated as two distinct "information states" (bits ‘0’ or ‘1’) to be read
magneto-optically. Further experimental work is required to engineer and exploit these effects

in practical devices.



2 Symmetry Considerations

The spontaneous Kerr rotation effect (hereafter referred to as MOKE) depends upon the inci-

dent photon energy hv and it arises from a combined action of spin-orbit coupling (SOC) and

non-zero spin polarization.??3* In high-symmetry situations and near-normal incidence,??
this effect can be fully described by a complex angle defined as:
o 1)

ox =0k +inx = -
Ozz1\/ 1+ (%) Ozx

where o0,, and o,, are the diagonal and off-diagonal elements of the optical conductivity
tensor, respectively, and the real (fx) and imaginary (nx) parts correspond to Kerr angle
(rotation of the major axis in the reflected light relative to the polarization axis of the incident
light) and ellipticity (a phase difference between the electric-field components perpendicular
and parallel to the plane of the reflected light), respectively. Equation (1) usually applies to
bulk systems as obtained from the volume dependence of Kubo’s formula (see Supporting
Information). In our DFT calculations, a slab model with the same thickness was used to
simulate both (Crls), and (CrBrs/Crls) bilayers. While the absolute values of the Kerr rota-
tions may depend on the specific details of the formulation depending on the actual value of
thickness, the switching properties do not depend on these details. Furthermore, the relative
values of the Kerr rotations and particularly their signs, when comparing different magnetic
states, are robust with respect to the specific formula used in the calculations since they
are supported by symmetry considerations. More generally, the numerator of Equation (1)
is the antisymmetric part of the optical conductivity, which is a time-reversal-odd, polar
(i.e. parity-even) tensor of rank 2. There is a well-known mutual relation between a generic
tensor A;; having this symmetry and a time-reversal-odd axial vector m;, expressed by the
relations: A;; = iy, m; = %gijkAjk. Since the axial vector m; has the transformation
properties of a magnetic moment; it follows, therefore, that in order for MOKE to be al-

lowed, the magnetic point group of the material should be one of the 31 pyromagnetic point



groups (see Supporting Information) (1, -1, 2, 2", m, m’, 2/m, 2'/m’, 2'2'2, m'm2’, m'm’2,
m'm'm, 4, 4, 4/m, 422, 4m'm’, 42'm’, 4/mm'm’, 3, -3, 32, 3m’, 3m’, 6, -6, 6/m, 62'2,
6m'm’, 6m'2,6/mmm’), and it should allow for a FM moment, which can, however, be
vanishingly small — in other words, MOKE can in principle arise in a fully compensated
AFM system.??:30:35:36 The intriguing possibility of tuning and switching the Kerr angle in
AFM compounds have been discussed in the context of multiferroic hybrid perovskites” and

8122931 However, the switching of

other systems upon application of external electric fields.
MOKE by reversal of spins in a 2D AFM material is highlighted in this work. We believe
that this effect could be exploited in memory elements.

One of the necessary (but not sufficient) conditions for MOKE to be allowed is that the
magnetic point group should contain neither the T nor the combination T of time reversal
and spatial inversion. Since the MOKE tensor is time-reversal-odd, the MOKE angle will
be reversed by reversing all the spin directions. There exists a wide class of centrosymmetric
antiferromagnets, of which CryOj is the archetype, in which MOKE is forbidden since the
point group contains the combination 7/ symmetry, although 7' symmetry is broken by
magnetic order. This is to be contrasted with the room-temperature magnetic phase of
isostructural a-Fe;Og, which is weakly FM and therefore MOKE-active, although the FM
moment is very small (Note that in the LT phase of a-Fe;Og, having point group —3m (vs
-3’ /m’ for Cry03), is neither weakly FM nor MOKE-active, in spite of the fact that the point
group contains neither 7 not T1 The RT phase of a-Fe;O3 has magnetic symmetry 2/m
(pyromagnetic).). Only very recently, MOKE research has been extended to collinear and
non-collinear antiferromagnets where 71 symmetry can be broken by an external electric
field. 2973137 More generally, systems that are magneto-optically active and predominantly
AFM are of great interest for applications in AFM spintronics, particularly if their magnetic
symmetry also contains a higher-order axis, which greatly reduces the number of possible
domains, and if their magnetic state can be manipulated, e.g. by external electric/magnetic

fields. This is precisely the case that we will discuss in the remainder.



In the AFM/FM phases of the 2D (Crls), and (CrBrs/Crl;) bilayers, the spins of the
two layers are antiparallel /parallel, respectively, with the formal Cr3* S = 3/2. In all cases,
there are always two energetically degenerate FM or AFM arrangements, which are related
to each other by reversal of all spin directions (equivalent to time reversal for classical spins).
Therefore, for example, the up-down and down-up AFM arrangements form a time reversal
pair, and so do the up-up and down-down FM arrangements (see Figure 1). For (Crls)y
bilayer, the two monolayers are related by crystallographic inversion symmetry, so the net
magnetic moment of the AFM phase is exactly zero (without external field), while this is
not the case for (CrBr3/Crl;) bilayer. However, based on our GGA+U+SOC results (see
below), the total magnetic moment for AFM (CrBrs/Crl;) bilayer is only 0.003 pg/Cr, so
the system is effectively a compensated AFM.

To describe all the relevant magnetic states, we introduce two magnetic order parameters
fz[\?l> — ]\7; (AFM order parameter) and M :]\71> + ]\72) (FM order parameter), where the
labels 1 and 2 correspond to top and bottom layers and |]\_4> 12| is the magnetization in the
layer, corresponding to a the spin quantum number S = +3/2 for the Cr3* ions. f distin-
guishes between the two AFM configurations — up-down (u-d) has f along the positive z
direction and down-up (d-u) along the negative z direction — while i distinguishes between
the two FM configurations, i.e. up-up (u-u) and (d-d). In Section 3, a general magnetic
state of the bilayer will be described using the notation (£L,+M), where, for example, (+L,0)
corresponds to an AFM state with f along the positive z direction, etc.

The transformation properties of these vectors upon application of the inversion opera-

- - -
tor (I), the time reversal operator (7)) and combinations thereof are: [[L]| = T|L]| = —L;

- = = — — — —

TIIL]= L; [M]= M; TIM] = TII]M] = —M. It follows that L is identically zero by sym-

metry in the presence of symmetry operators I or 7, while it is allowed by the combination
%

TI symmetry. Likewise, M is identically zero the presence of symmetry operators T or T1

while it is allowed in the presence of I symmetry.

We now consider the magnetic point group symmetry of the bilayers in the different states.



The paramagnetic point groups of (Crls), bilayer in the RT (Room-Temperature)/LT (Low-
Temperature) phases are 2/m1’ and —31’, respectively.®® These point groups contain both T
and [ as independent symmetry operators, so f = ]\_4> = 0, as expected. The corresponding
magnetic point groups for the AFM state are 2/m’ and —3' (non-pyromagnetic and therefore
non-MOKE-active). Neither of these groups contains either I symmetry or 7' symmetry as
separate operators, but they both contain the combination 71 symmetry, so f # 0 and
M = 0. The point groups in the FM state are 2/m and —3 (both pyromagnetic/Moke-active
groups, as required), both containing I but not 7, so that f = 0 and ]\_/[> # 0, again, as
expected.

For (CrBr3/Crl3) bilayer, the mirror plane and inversion (for RT /LT phases, respectively)
are lost, so the corresponding paramagnetic groups are 21" and 31’, while the magnetic groups
are 2 and 3 in both AFM and FM states. Since 2 and 3 are both pyromagnetic groups and
neither contains I symmetry or T symmetry, the expectation from our symmetry analysis is
that (CrBrs/Crls) should be MOKE-active in both FM and AFM states, and that T # 0,
ﬁ # 0 in both cases.

These results are confirmed by an analysis of the symmetry-adapted forms of the rele-
vant conductivity tensors, performed using the MTENSOR software in the Bilbao Crystal-
lographic Server.?® Here, we focus on the ground state LT structures, which all have point
groups containing a three-fold axis, and are relevant for our first-principles calculations (see
Section 3). As already stated (see Equation (1)), a non-zero MOKE effect is signalled by
the appearance of antisymmetric, off-diagonal terms o,, in the conductivity tensor in the
magnetic state.3>3* For a solid with at least three-fold rotational symmetry, the general form

of the optical conductivity tensor is:

—Opy Oze 0

0 0 o0,



which is also the general form for FM (Crls)y (point group —3) and FM/AFM (CrBr3/Crl;)
(point group 3). As for the paramagnetic phases (point group —31’ or 31" ) and AFM (Crl;)s

(point group —3'), 0, = 0y, = 0 so that the general form of the tensor is:

Oge 0 0
0 o0z O
0 0 o0,

Although Equation (1) does not hold for the RT monoclinic phases of (Crls)y bilayer, one
can apply the same analysis, and show that the off-diagonal elements of the antisymmetrized
conductivity tensor are zero by symmetry for the paramagnetic and AFM phases (point
groups 2/ml’; 2/m’, respectively), while they are allowed to be non-zero for the FM phase
(point group 2/m). Consistent with our earlier discussion, MOKE is only allowed in the FM

phase, as expected.

Methods

(Crl;)y and (CrBrs/Crls) bilayers, both in the AB stacking mode of LT Crls bulk, were
optimized using the Vienna Ab-initio Simulation Package (VASP),? based on the projector
augmented wave method and the generalized gradient approximation with the PBE func-
tional.#*2 To account for the electron correlation of the Cr 3d states, the Hubbard U =
3.0 eV and Hund exchange Jy = 0.9 ¢V with the Liechtenstein linear response approach
were included in our calculations.*®% The optimized lattice constant of the (Crlz)q bilayer
a=0b=699 A is close to (within 2%) the experimental a = b = 6.87 A of the Crl;
bulk.?® Naturally, the optimized (CrBrs/Crls) bilayer has a little smaller a = b = 6.66 A,

and its dynamical stability is verified by phonon calculation?®

(see the inset of Figure 3).
The compressive (tensile) strain for Crlz (CrBrs) layer in the (CrBrs/Crls) bilayer does not

alter the relatively robust intralayer FM coupling, but could tune the subtle interlayer FM

10



or AFM coupling. Analysis of such a consequence and its effect on the MOKE signals is
the primary concern of the present work. Then, to calculate the MOKE, the ezciting code®
was used with the (linearized) augmented plane waves plus a local orbitals [(L)APW+lo]
basis.*” The muffin-tin radii for Cr, I and Br atoms are 2.1, 1.8 and 1.8 Bohr, respectively.
The (L)APW+lo basis size is determined by RyrGarer = 5. The first Brillouin Zone was
sampled by a set of 5x5x1 k-points. The SOC is included by the second-variational method.
The rotation of the polarization plane, the so-called Kerr rotation fx as a function of hv

was calculated using time-dependent density-functional theory calculations.*®

3 First-principles calculations and Discussion

Here we study the MOKE of (Crl3), and (CrBrs/Crls) bilayers using first-principles calcu-
lations. For the MOKE calculations, we assume that the light impinges on the top layer in
polar MOKE geometry, i.e. magnetization direction out of plane and incident light at near
normal incidence for which the Equation (1) holds.?® For both (Crls), and (CrBrs/Crls)
bilayers, the intralayer coupling favors FM, while the interlayer coupling is very subtle and
sensitive to the different stacking of the monolayers, with the FM and AFM configurations
being very close in energy.!*416 We demonstrate below that the bilayers in the FM or AFM
state produce very different MOKE spectra. Therefore, the MOKE spectra can help to
identify the different magnetic states and the related stacking mode of the bilayers.

Figure 2 shows the Kerr spectra, i.e., Kerr rotation angles 0 for the up-up (0, +M),
down-down (0, M), up-down (+L, 0), and down-up (-L, 0) states of the (Crlz)y bilayer
(see Section 2 for the notations). For the layered AFM states (+L, 0) and (-L, 0), the
MOKE spectrum is constantly zero, confirming the symmetry analysis in Section 2. In
sharp contrast, the FM (0, +M) and (0, -M) states exhibit non-zero Kerr signals, which is in
line with our symmetry considerations and in agreement with experiments.® The MOKE in

(Crl3)y bilayer has been studied both in the FM and AFM states experimentally.® Either
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Figure 2: Kerr rotation angle 0 in the up-up (u-u), down-down (d-d), up-down (u-d), and
down-up (d-u) states of (Crls)s bilayer as a function of the incident photon energy hv.

the external magnetic or electric field can be used to switch between FM and AFM state.
More specifically, the MOKE of (Crl3)y bilayer in the u-u and d-d FM states are opposite
in sign while in the u-d and d-u AFM states it is zero in the absence of external fields.!®
However, in this work, we describe a mixed (CrBrs/Crls) bilayer and demonstrate that its
AFM states are magneto-optically active even without external fields. Note that at any
given hv | the O values of the (0, +M) and (0, -M) states are opposite in sign, fully in
agreement with the well-known fact that the Kerr angle of an FM material can be switched
in sign by reversing its magnetization.

Based on above symmetry considerations, we would predict that (CrBrs/Crls) bilayer
should exhibit MOKE even for (+L, 0) AFM states, because the absence of inversion/mirror
symmetry in the structural point group effectively lowers the magnetic symmetry to a pyro-
magnetic group. This surprising prediction is now confirmed by our calculations (see Figure
3): while the MOKEs for the (0, +M) and (0, -M) FM states of (CrBrs/Crl;) bilayer are
very similar to the (Crls)s, bilayer in the FM states, both the (4L, 0) and (L, 0) AFM states
of (CrBr3/Crl3) exhibit MOKE, although their spectral intensity is much reduced (one order
of magnitude weaker) from the FM states of (CrBrs/Crls). This is in striking contrast with

the case of the AFM (Crl;), bilayer (no MOKE at all). Moreover, at a given hv, the 0 value
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Figure 3: Kerr spectra of the (CrBrs/Crl;) bilayer in the up-up (u-u) and down-down (d-d)
FM states, and in the up-down (u-d) and down-up (d-u) AFM states. The inset shows the
phonon spectrum.

of the (+L, 0) AFM state of (CrBrs/Crl;) is opposite in sign to that of (-L, 0) AFM state,
consistent with the time-reversal-odd properties of the MOKE tensor. As noted above, in
the (CrBr3/Crl3) the AFM state may have in principle a non-zero magnetic moment, but
in our calculations the net magnetic moment is practically zero, being only 0.003 ug/Cr.
The presence of a MOKE signal in an effectively compensated AFM and, in particular, its
reversal upon the change of the AFM states from (+L, 0) to (-L, 0) are indeed surprising and
have, to our knowledge, little precedence in the literature. This will be further elucidated
below with aid of the calculated band structures and the illustrative energy level diagrams.

Figure 4(a) shows the insulating band structure of the FM (0, +M) (Crls), bilayer (the
band structure for (0, -M) is identical). The valence bands originate mainly from I 5p
orbitals, while the conduction bands are predominatly from Cr 3d-e, orbitals mixed with I
5sbp. Taking into account the selection rules associated with the Kerr spectral excitation
(see Supplemental Materials), we choose to discuss the I 5p —6s (or I 5p —Cr e,) excitation
for simplicity. We mark two topmost valence bands with the index 1 and 2, which are
characterized by I 5p, and 5p,. With the SOC, the combined p,+ip, states give rise to
the |I=1,l,=%1) states depicted in Figure 4(f), while the nearly degenerate bands 1 and 2

arise from the I 5p up-spin |1, +1) state in the two Crlz monolayers, respectively. This state
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Figure 4: The GGA+U+SOC calculated band structures for (a) the up-up (u-u) or down-
down (d-d) FM of (Crl3)y bilayer and (b) its up-down (u-d) or down-up (d-u) AFM state,
and for (e) AFM (CrBr;/Crl;) bilayer with (c¢) up-down (u-d) or (d) down-up (d-u) magnetic
structure. The blue curves stand for I 5p, and p, states, and the red curves the Cr 3d-e,
orbitals. Fermi level is set at zero energy. The illustrative energy level diagrams (with SOC
and exchange splittings) and the excitation spectrum of I 5p —6s (Br 4p —5s) in the FM
Crl3 (CrBr3) monolayer with (f) spin orientation ‘up’ and (g) ‘down’ (the — (4) with red
(blue) color stands for the absorption of circularly right (left) polarized light).

is separated by a small exchange splitting from the down-spin |1, —1) state, and these two
states are separated by a large SOC splitting from the up-spin |1, —1) and down-spin |1, +1)
states, see Figure 4(f). Owing to the large SOC of I 5p and its negative spin polarization
(induced by the strong hybridization with the Cr 3d which has the positive spin=3/2), the
down-spin |1, +1) state lies lowest among the four states, and the up-spin |1, +1) state lies
highest which gives rise to band 1 for one monolayer (and to band 2 for the other monolayer).

These two bands are further elucidated by a spin texture plot shown in Figure 5(a). Then,
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Figure 5: Spin texture of bands 1 and 2 (see also Figure 4) for (a) the up-up (u-u) or (b)
down-down (d-d) FM state of (Crls)s bilayer, and for (c) the up-down (u-d) or (d) down-up
(d-u) AFM state of (CrBrs/Crls). The color maps refer to the (S,) values. Note that the
switching of Kerr rotation as discussed in the main text corresponds to the switching of
red/blue colors of the corresponding bands involved in the optical excitations.

considering the level excitations associated with the left and right circularly polarized lights,
their difference will give the MOKE signal in the (0,4M) FM (Crl3)y bilayer. Moreover, it
is evident that when we consider the (0,-M) FM (Crls), bilayer, the I, and 3. in Figure 4(f)
just change to their opposite values — see Figure 4(g) and Figure 5(b), therefore giving a
reversed MOKE signal compared with the (0,+M) FM state. Furthermore, for the (+L,0)
(or (-L,0)) AFM (Crl;), bilayer (Figure 4(b)), bands 1 and 2 become degenerate (but with
the opposite spins), and ‘up’ monolayer corresponds to Figure 4(f), and ‘down’ to Figure
4(g). Therefore, the net MOKE signal becomes exactly zero.

In the (+L,0) AFM (CrBr;/Crls) bilayer (Figure 4(c)), the Br 4p bands lie lower than
the I 5p bands (Figure 4(e)). As a result, the two topmost valence bands 1 and 2 (I 5p ones
in the spin-down Crl3 monolayer) are now the two levels in Figure 4(g), down-spin |1, —1)
and up-spin |1,+1) (see Figure 5(c)) . The spin-down Crlz and spin-up CrBrsg monolayers
would yield MOKE signals of opposite sign, but arising from transitions at different energy
(lower Br 4p levels, smaller SOC, weaker spin polarization and smaller exchange splitting for

CrBr3). This explains why the AFM (CrBrs/Crls) bilayer shows a much reduced but non-
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vanishing MOKE signal. Naturally, the (-L,0) AFM (CrBr;s/Crl3) mixed bilayer (Figure 4(d)
and Figure 5(d)) gives a reversed MOKE signal, compared with the (4+L,0) one. Then the
unusual MOKE signal in the AFM (CrBrs/Crl;) bilayer can also be reversed. In this respect,
the AFM (CrBr3/Crl;) bilayer represents an interesting candidate for AFM spintronics: by
initializing the bilayer in the time-reversed (+1,0) or (-L,0) states, magnetic information
can be stored and read optically by MOKE. We foresee possible applications using mixed

magnetic bilayers AFM memory elements.

4 Conclusion

We have studied the MOKE spectra of (Crl;), bilayer and (CrBrs/Crls) mixed bilayer in four
different (0, =M) and (£L, 0) magnetic states, using symmetry analyses and first-principles
calculations. Our arguments and results show that, for these emerging 2D materials, MOKE
spectra (line shape and /or intensity) are very useful tools to identify different magnetic states,
which are often correlated with different stacking of the monolayers. In particular, for the
mixed bilayer even the AFM state has a non-vanishing MOKE signal, which can be reversed
if the AFM spins are flipped (e.g., from up-down to down-up). This singles out MOKE as
a unique tool to study the magneto-optical properties of AFM bilayers in particular and
related classes of AFM materials in general, and foreshadows its use a sensitive probe for the
emerging field of AFM spintronics. Furthermore, the two time-reversed AFM states of the

mixed bilayer could be used as memory element, since they show opposite Kerr rotation.
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