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s ABSTRACT: Twist engineering of van der Waals magnets offers unprecedented AFM FM

6 opportunities to manipulate interlayer quantum states, but its impact on the & ?9\: ?K: ;_ _;_ _z_
7 magnetism of semiconductors remains poorly understood theoretically. Here, we =~ %7 Va f) ) i 9 @ o g
8 take the CrSBr bilayer (BL) as an example to explore the influence of the twist dwo % f f i
9 angle (6) on interlayer coupling, magnetism, and electronic properties. The result 307,
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modes and stabilizes ferromagnetic (FM) order regardless of the stacking modes,
12 suppressing the intrinsic stacking-dependent antiferromagnetic (AFM) phase of

AKX,

shows that 6 weakens the dependence of interlayer interaction on the stacking :/°}‘ :/5’ \f)’ twist m

13 pristine BL. Additionally, the direction of the easy axis (EA) undergoes multiple IMA PMA
14 conversions as @ increases. The Br atomic p orbitals dominate the perpendicular
15 magnetic anisotropy (PMA) contribution, showing a 200% enhancement at 90° twist structure versus pristine BL. Moreover, the 0

1

(=

transform CrSBr BL from a spin-unpolarized semiconductor into a half-semiconductor, while different @ provide additional influence

17 on the bandgap. This work not only establishes @ as a powerful tool for controlling magnetic and electronic states in vdW
18 semiconductors but also provides design principles for developing twist-tunable spintronic devices based on atomically thin magnets.

19 l INTRODUCTION

20 Twistronics has emerged as a forefront research field in recent
21 years due to its unique physical properties. By engineering
22 interlayer coupling and moiré periodic potential through twist
23 control, this approach enables precise modulation of two-
24 dimensional (2D) material properties. Following the theoreti-
25 cal prediction of “magic-angle”, where interlayer interaction
26 suppressed linear momentum dispersion to create flat bands,'
27 the experimental realization in twisted bilayer (BL) graphene
28 (TBLG) via the “tear-and-stack” technique revealed extra-
29 ordinary phenomena, including superconductivity,” van Hove
30 singularities.” Subsequent studies on twisted graphene/h-BN
31 heterostructures,” TBLG,” and twisted trilayer graphene®
32 further demonstrated orbital magnetism,* quantum anomalous
33 Hall effect,” nematic phases,8 and reentrant superconductivity,9
34 collectively establishing twistronics as a revolutionary paradigm
35 for quantum state manipulation.'*”"

36 The exploration has extended to transition metal dichalco-
37 genides (TMDs), where twisted bilaéyers exhibit robust flat
38 bands across wide angular ranges..1 Similar to graphene,
39 twisted BL TMDs display Mott-like insulating states,'”
40 topological insulating phases,'® and even superconductivity,"”
41 conclusively proving that twist can fundamentally reconstruct
42 electronic band structure.”””" These breakthroughs highlight
43 the immense potential of twistronics for engineering exotic
44 quantum states, opening new dimensions in 2D material
45 research. Twist engineering modifies magnetic properties by
46 creating moiré superlattices that alter interlayer coupling.”*~>
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In twisted BL Crl;, while the pristine system shows interlayer 47
antiferromagnetic (AFM) order, twist induces coexisting 4s
ferromagnetic (FM) and AFM domains through competition 49
between interlayer exchange and FM—AFM domain wall so
formation.”” Direct observation of twist-induced domain wall s1
structure has been achieved in the twisted Crl; system,” and s2
the magnetic order exhibits @-dependent configuration. s3
Nonvolatile spin textures in these systems could be s4
manipulated and read out via a magnetic field, where an in- ss
plane field could induce a switch between out-of-plane and in- s6
plane magnetic domain orientation.*® Similar spin regulation s7
has also been found in the twist double BL Crl; twist ss
structure.”® This twist-tunable magnetism extends to other van s9
der Waals (vdW) magnets: a-RuCl; BLs*® and CrBr; 60
heterostructures”” present moiré-modulated magnetic orders. 1
Pressure-induced AFM phase transition in twisted BL 1T-VS,/ 62
VSe, occurs at significantly reduced critical pressures, 63
compared to their nontwisted counterparts.”® Twist control 4
in VOBr and Ca(CoN), induces altermagnetism with spin Hall 6s
angles surpassing experimental benchmarks,” while MnPSe; 66
and MnSe BLs exhibit i-wave spin—orbit coupled altermag- 67
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Figure 1. Illustration of the pristine BL CrSBr structure of (a) top and (b) side views. (c) Schematic diagram of the TBLC structure. Top view of

the TBLC structure with @ of (d) 17° and (e) 48°.

68 netism under twisting.”’ Interlayer sliding in twisted BL CrX,
6 (X = Se, Te) enables reversible FEM—AFM switching.”'

70 In recent years, the vdW magnetic semiconductor chromium
71 bromide (CrSBr) has emerged as a compelling candidate for
72 exploring low-dimensional magnetism and spintronic applica-
73 tions.””~** CrSBr exhibits exceptional air stability and could be
74 readily exfoliated down to the monolayer (ML) limit, and it is
75 predicted to maintain a high Curie temperature (T.) (~170
76 K),"** significantly surpassing those of conventional 2D
77 magnets like Crl; (~45 K)* and Cr,Ge,Teg (~25 K).*
78 Another hallmark of CrSBr is its unique triaxial magnetic
79 anisotropy,””** which is enhanced by spin—orbit coupling of
80 bromide ions, characterized by an easy axis (EA) (b-axis),
g1 intermediate axis (a-axis), and hard axis (c-axis). In recent
82 years, researchers have attempted to modulate the properties
83 of CrSBr by various methods. For instance, the application of
s4 an external electric field can induce half-metallicity in ML
85 CrSBr,A'6 while strain engineering enables effective modulation
86 of both its magnetic phase and anisotropy.”” In the MoSe,/
87 CrSBr heterostructure, defect-localized excitons emerge with
ss magnetic-field-tunable valley polarization and strongly aniso-
89 tropic optical responses,”® demonstrating the unique magnet-
90 ism of CrSBr can control exciton behavior. The CrSBr/GeS
91 multiferroic heterostructures enable effective enhancement of
o2 T, in the ferromagnetic CrSBr layer.*” Beyond these
93 approaches, orthogonal stacking (90°) of ML CrSBr
94 introduces competition of interlayer magnetic anisotropies,
95 leading to multistep magnetization switch and nonvolatile
o6 magnetic hysteresis at zero field in twisted CrSBr.”>*° Such
97 twisted configuration further exhibits a colossal tunneling
98 magnetoresistance (TMR) exceeding 700%,”" with enhanced
99 temperature stability compared to conventional aligned
100 stackings. These findings highlight the potential of CrSBr
101 twistronics for the design of novel spin-based memory devices.
102 However, experimental investigation on twisted BL CrSBr
103 (TBLC) is still in its infancy, and theoretical predictions

. 2
104 remain scarce.s

Inspired by the exotic magnetism in orthogonally stacked 105
TBLC, this work systematically explores the interlayer 106
interaction, magnetic order, magnetic anisotropy, and elec- 107
tronic properties of TBLCs at various twist angles (6). By 10s
developing a generalized supercell construction method for 109
orthorhombic lattices, we systematically analyze seven 6 (0°— 110
90°) with four stacking modes per angle. Our results prove that 111
the interlayer coupling in pristine BL CrSBr exhibits strong 112
stacking-mode dependence. However, the introduction of 8 113
significantly reduces this stacking sensitivity while stabilizing 114
robust FM coupling across all configurations. Furthermore, the 115
direction of EA switches multiple times between the in-plane 116
and out-of-plane with increasing . Orbital-resolved analysis 117
identifies that Br atomic p orbitals dominate the perpendicular 118
magnetic anisotropy (PMA), with their contribution enhanced 119
by 200% with 8 of 90°, compared to pristine BL. Additionally, 120
the modulation of bandgap (0.66—0.84 eV) and layer-selective 121
carrier distribution show the 6-dependent behavior, suggesting 122
potential application in the excitonic devices.”” This work 123
establishes CrSBr as a prototypical system for moiré magnet- 124
ism in anisotropic materials, offering a universal framework for 125
manipulating magnetic semiconductors via twist. 126

B METHODS 127

We conducted first-principles calculation within the framework 128
of density functional theory (DFT) using the Vienna ab initio 129
simulation package (VASP).***> The exchange—correlation 130
potential was treated with the Perdew—Burke—Ernzerhof 131
(PBE) functional under the generalized gradient approxima- 132
tion (GGA).>® To address the strong electron correlation effect 133
in Cr 3d orbitals, the GGA + U method was employed with 134
Coulomb (U = 3.30 eV) and exchange (J = 0.30 eV) 13s
parameters, yielding an effective Hubbard correction Uy = U 136
— J = 3.00 eV, a widely used value for CrSBr.”’~” This 137
approach was applied to geometry optimization, electronic 138
structure calculation, and phonon spectrum calculation. The 139
vdW interaction was modeled through the DFT-D3 140
dispersion correction method.”” The spin—orbital coupling 141
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Figure 2. (a) Geometric diagram of the CrSBr twist. (b) Lattice relationship between the two layers for 0 of 73°. (c—f) The structures of four

stacking modes for @ of 73°.

142 (SOC) is considered in the calculation of the magnetic
143 anisotropy energy (MAE). The energy convergence threshold
144 and Hellmann—Feynman force tolerance during structural
145 relaxation were set to 107 eV and 0.01 eV/A, respectively. A
146 vacuum layer of 16 A along the c-axis was adopted to eliminate
147 the spurious interlayer interaction. The plane-wave basis set
148 cutoff energy was fixed at 400 eV. For the pristine BL CrSBr,
149 I'-centered Monkhorst—Pack®' k-meshes of 6 X 6 X 1 and 11
150 X 9 X 1 were utilized for geometry optimization and energy
151 calculation, respectively. Phonon dispersion curves were
152 computed via the finite displacement method, implemented
153 in the Phonopy package.®> Postprocessing analyses, including
154 band structure and density of the states (DOS) visualization,
155 charge density difference (CDD), and spin charge density
156 mapping, were conducted with the VASPKIT.®* The AIMD
157 simulation was performed with the aid of the DMol®
158 software.””® A time step of 1.0 fs and a total of 10,000
159 steps were set. The system is simulated at a temperature of 300
160 K, under the NVT ensemble with an MGGMT thermostat.

161 l RESULTS AND DISCUSSION

162 CrSBr possesses an orthorhombic structure and belongs to the
163 Pmmn space group. The optimized lattice constants for BL
164 CrSBr along the a and b are 3.508 and 4.763 A,® as shown in
16s Figure la. Each Cr atom coordinates with four S atoms and
166 two Br atoms, forming a distorted octahedron with C,, group
167 symmetry. The adjacent layers are coupled through vdW
168 interaction, with Cr atoms exhibiting an alternating vertical
169 displacement between upper and lower positions within the

individual ML (Figure 1b, blue spheres). We constructed the 170
twisted structure by fixing one layer and rotating the other 171
layer, as shown in Figure lc. CrSBr has orthorhombic lattice 172
symmetry, so the twist periodicity is 180°. It means that the 173
effective 6 range is 0—90°, which is different from the existing 174
twist hexagonal lattice, such as TBLGY and twisted BL 175
MoS,.°® We constructed TBLC structures by combining two 176
supercells obtained through enumeration of all nearly 177
congruent supercells of ML CrSBr within a specific range of 178
atomic counts. Then, we successfully found supercells with 8 179
values of 17°, 25°, 37°, 48°, 60°, 73°, and 90°, respectively. 180
The top views of twisted structures with 8 of 17° and 48° are 181
shown in Figure 1d,e, respectively. (For other twisted 1s2
structures, see Figure S1 in the Supporting Information.) 183
The 6 values are observable within the lattice, demonstrating 184
the successful construction of the TBLC supercell. 185

It is well-known that the interlayer stacking mode has a 186
significant impact on the magnetic and electronic properties of 187
2D materials.”” To account for the combined effects of 1ss
stacking modes and 6, we calculated the TBLCs with four 189
stacking modes at each 6. Four distinct stacking modes can be 190
obtained by translating along the a and b axes of the CrSBr 191

. ib i+h .
unit cell by O,? > and = respectively. We define these as 192

A-, B, C-, and D-stackings, as shown in Figure S2a—d, 193
respectively. These four stacking modes are often considered in 194
other studies.””* For the twist structure, the same approach is 19
adopted. All A-stacking geometries at various angles are 19
obtained by rotating the BL structure with A-stacking around 197
the lattice vertex (i.e., the atom in the red circle in Figure S2a). 198
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199 And the corresponding B, C, and D stacking modes can be
200 achieved by fixing the atoms of the lower layer and translating
201 the atoms of the upper layer along the a and b axes of the
i+h
2
203 details, see Figures S2 and S3 in the Supporting Information.)
204 Despite the lower symmetry of the orthorhombic lattice

o CrSBr unit cell by %, %, and , respectively. (For more

205 compared to the hexagonal lattice of graphene, which generally
206 prevents the formation of long-range ordered moiré patterns in
207 most twisted configurations, 8 can still induce periodic stripe-
208 like superlattice structures. Figure 2a illustrates the geometric
209 construction principle of lattice rotation: the six rectangles

represent the fixed bottom layer with lattice constants a =
3.508 A and b = 4.763 A, while the top layer OACB is rotated
by the 6 around the origin O. Each point of O, A, B, C, and D
corresponds to Cr atoms. By the construction of four circular
arcs centered at OA, OB, OC, and OD, the intersection points
of these arcs with the diagonals of other rectangles indicate the
formation of observable parallel stripes (i.e. parallel lines
within the lattice), as highlighted by the red dots in Figure 2a.
Adopting the AOB coordinate system, the coordinates of the
rotated points are derived as follows

https://doi.org/10.1021/acs.jpcc.5c04752
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21 Take point P as an example; by solving the intersection
222 condition of the rotated lattice with the diagonal line y = (b/a)
223 x, @ = 36° is obtained. The structure with 0 of 36° is shown in
224 Figure S4, where it can be seen that there are certain stripes.

More intriguingly, among these special 8, a particularly unique 225
configuration occurs at = 73°. In this case, four points A—D 226
of the rotated rectangle simultaneously lie on the diagonals of 227
the bottom-layer unit cell, resulting in a structure, shown in 228
Figure 2b. It can be proven that triangles AMB’'C and AMAO 29
are congruent and AB’IIOCIIA’B. This geometric symmetry 230
indicates the alignment of Cr atoms along the diagonals with 231
the remaining four Cr atoms also parallel to the diagonal 232
atoms, leading to the observation of distinct stripe patterns, as 233
illustrated in Figure 2c—f, respectively. These patterns remain 234
robust against the changes in stacking modes. In certain 235
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specific stacking modes, the alignment of Cr atoms from both
layers into straight lines becomes even more pronounced,
which can be seen in Figure 2¢,f, respectively. The unique 73°
twisted structure characteristics endow it with distinct
properties compared to other 6, which we will discuss in the
following sections.

We systematically investigated the 6 dependence of
interlayer coupling through a comparative energy analysis.
Figure 3a—c maps the energy landscapes for distinct stacking
modes with € values of 0°, 48°, and 90°, respectively. In the
pristine BL, A-stacking emerges as the reference state with
minimal energy (set as reference 0 meV/Cr). The energy
progression follows: AE, ,cing (0) < AEp jeing (+12 meV/
Cr) < AEc yucking (+23 meV/Cr) < AEp ,qiing (+38 meV/Cr),
where the stacking energy difference AE,,, is defined as
AEgu = Egack — Eastacking: 1t can be concluded that there is
axial translation anisotropy: translation along the shorter a-axis
induces faster energy escalation than that along the b-axis. Due
to the variation in lattice size for different 0, all energies
mentioned in this work are normalized by the number of Cr
atoms to make consistent comparisons. This anisotropic
behavior correlates with the orthorhombic lattice symmetry,
evidenced by mirror-symmetric energy contours along the B—
D and C—D directions (Figure 3a). However, @ disrupts this
symmetry, generating complex moiré-induced potential mod-
ulation. The energy landscapes with @ values of 48° and 90°
exhibit significantly increased complexity compared to the
pristine BL. However, they retain periodic symmetry and
central inversion symmetry (Figure 3b,c), originating from
multiple equivalent interlayer sliding pathways across the
scanning plane. Notably, the energy difference between
different stacking configurations is 2.19 meV (48°) and 1.69
meV (90°), which are much smaller than pristine BL (38
meV). This dramatic narrowing of energy dispersion
demonstrates that the twist suppresses the dependence of
interlayer coupling on the stacking modes, as the moiré
superlattice periodicity breaks the regular coupling of the
original lattice with larger 6.

The energy and interlayer distance evolution across 8 are
shown in Figure 3d,e, respectively. (For the definition of
interlayer distance, please refer to the Supporting Information,
Figure SS.) It can be observed that for the pristine BL,
interlayer sliding has a significant impact on both energy and
interlayer distance, and the energy ordering is also reflected in
the interlayer distance. But the difference of interlayer distance
between different stacking modes is confined to 0.059 and
0.031 A for the 8 of 48° and 90°, which are much smaller than
1.044 A (0°), as shown in Figure 3e. When 0 is introduced, the
influence of interlayer sliding is greatly reduced for both energy
and interlayer distance. This is attributed to 6, which
complicates interlayer coupling. During the transition between
different stacking modes, some couplings strengthen while
others weaken, resulting in an overall cancellation of
differences. Interestingly, the impact of different stacking
modes on interlayer interaction with 6 of 73° is more
pronounced, compared to other angles. Its origins are that the
structure is unique, with Cr atoms arranged in a more regular
pattern within the unit cell, leading to more orderly interlayer
coupling. When the structure translates from Stacking-B to
Stacking-D, all Cr—Cr interatomic distances systematically
decrease, indicating a coordinated enhancement of exchange
coupling throughout the system, as shown in Figure 2d,f. This
stands in marked contrast to other 6, where interlayer sliding

simultaneously increases some Cr—Cr distances while
decreasing others, resulting in a net cancellation effect that
diminishes stacking-dependent responses.

As a result, the response to interlayer sliding is also more
pronounced. The energies of CrSBr with different @ values are
relatively similar, with the overall distribution ranging from
—0.047 to —0.042 eV/Cr. However, 6 has a more pronounced
effect on the interlayer distance, with the overall distribution
spanning from 3.17 to 3.47 A.

Among them, 48° exhibits the lowest energy and interlayer
distance, indicating the strongest interlayer interaction. To
further understand the difference in interaction, we also plotted
the planar average charge difference and CDD in Figure 3f=k,
respectively. It can be observed that the curves and CDDs
corresponding to the four stacking modes of pristine BL CrSBr
exhibit significant variation. When the twist is introduced, the
CDD becomes more complex, with charge transfer between Br
atoms in different positions varying significantly and the charge
integration curves showing more oscillations.

Magnetic Properties. To investigate the magnetic proper-
ties, we tested different magnetic orders for each 6. The
magnetic moments (MM) of CrSBr are primarily localized in

Cr atoms, with each Cr atom having 3.1 yg MM, regardless of 321

0. First, the magnetic order of the pristine BL CrSBr was
investigated. Stacking-dependent magnetic orders emerge: A
and B stacking modes tend to FM order, while C and D
stacking modes favor A-type antiferromagnetic (A-AFM) order
(Figure S6 and Table S3). It indicates that the magnetic order
of the pristine BL CrSBr is strongly correlated with the
stacking modes. 6 fundamentally alters this paradigm by
introducing the moiré magnetism.

Figure 4a—d reveals the characteristics of magnetic orders
with an @ of 90°. Among them, FM order indicates that all Cr
atoms exhibit FM coupling to each other, as shown in Figure
4a. A-AFM order denotes that Cr atoms within each layer
maintain FM coupling, while interlayer Cr atoms display AFM
coupling (Figure 4b). AFM-1 and AFM-2 orders represent
AFM coupling between Cr atoms at different heights within
the CrSBr layers. On this manner, the interlayer neighboring
Cr atoms in the AFM-1 order exhibit FM coupling (Figure 4c),
while those in the AFM-2 order exhibit AFM coupling (Figure
4d). In addition, we also considered eight other magnetic
orders, as shown in Figure S7. Among these orders, the FM
order exhibits the lowest energy. Besides, we observed that
disrupting FM coupling within CrSBr layers leads to a
significant increase in energy (at least 0.4 eV). It demonstrates
that twist could not obviously interfere with the strong
intralayer FM coupling in CrSBr.

To elucidate the stacking-dependent magnetic coupling in
CrSBr, we systematically mapped the energy difference
landscapes of FM and A-AFM orders (AE = E xpyv — Epn)
as functions of in-plane sliding coordinates for € values of 0°,
48°, and 90°, as shown in Figure 4e—g, respectively. The
pristine BL exhibits stacking-controlled magnetic phase
separation (Figure 4e). The primitive cell is divided into two
distinct regions: A/B-stacking domains with dominant FM
coupling (AE > 0) and C/D-stacking domains favoring AFM
ordering (AE < 0), separated by a sharp phase boundary (red
dashed line). Twist dramatically suppresses this stacking—
magnetism correlation. For the twisted CrSBr at 8 of 48° and
90°, all regions exhibit positive AE (Figure 4fg), indicating
robust FM order, independent of the stacking modes. The
fluctuation of AE ranges from 0.023 to 0.011 meV for 6 = 48°
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Figure S. EA along the directions of (a) 0° and (b) 90°. (c) MAE as a function of 6. (d, e) Angle dependence of MAE of 6 of (d) 37° and (e) 48°
with the spin orientation along the xoy plane. (The red lines represent twisted BL, while the yellow and green lines represent the upper and lower

CrSBr MLs, respectively.).

362 and 90°, respectively, compared to 0.505 meV (0°). Similar to
363 Figure 3a—c, the energy landscape diagrams still have central
364 symmetry.

365 For each stacking mode with other 6, we also calculated the
366 energies of AE, as shown in Figure 4h. It is evident that when 6
367 exists, regardless of the stacking modes, the system exhibits FM
368 order. Moreover, the energy difference between the different
369 stacking modes is significantly reduced. This dramatic
370 suppression originates from twist-induced complexity in
371 interlayer exchange coupling: as layers slide, some enhanced
372 Cr—Cr interaction is counterbalanced by weakened coupling in
373 others, resulting in near-complete cancellation of the stacking-
374 dependent energy difference. However, two notable exceptions
375 emerge at the specific 0. The 6 of 48° displays AE fluctuation
376 of 0.034 meV, which is due to the smaller moiré superlattice,
377 where the interlayer sliding has a more pronounced impact on
378 the interlayer coupling. The @ of 73° exhibits revived stacking
379 dependence (0.093 meV fluctuation) due to its unique
380 supercell. The regular alignment of Cr sublattices in this
381 configuration creates geometrically ordered coupling channels,
382 enabling a systematic response to layer sliding.

383 A high T, is a key indicator of an FM material’s ability to
384 maintain magnetic order at an elevated temperature. We used
385 the Monte Carlo simulation method based on the Heisenberg
386 model to calculate the magnetic exchange constants. We
387 consider three intralayer magnetic exchange interactions (J;, J,,
388 J;), where J;, J,, and J; represent the nearest, the second-
389 nearest, and the third-nearest intralayer neighbors, respectively.
390 Thus, its spin Hamiltonian can be expressed as follows

H= 285 ) 288 — ) 285 - K2 (8
j j i i
1)

392 where S and K, represent the spin operator and anisotropy

393 constant, respectively. For 8 = 48°, we employed four distinct
394 magnetic orders in our calculation: FM, AFM-1, FiM-1, FiM-2,

391

as shown in Figure S8. Our calculation yields the following
magnetic exchange parameters: ]}, J,, and J; are 6.51, 5.18, and
—0.07 meV, respectively. For 6 of 90°, we consider FM, FiM-1,
FiM-2, and FiM-3 orders to calculate magnetic exchange
constants, as shown in Figure S8. The ], J,, and J; are 4.86,
5.30, and —1.68 meV, which are considered in calculating T..
The results show that T, equals 247 K for 48° (Figure 4i), 191
K for 90° (Figure 4j). It demonstrates that § modulates T, by 402
altering the strength of the intralayer exchange interaction. For 403
the pristine BL CrSBr, the Néel temperature (Ty) of 404
approximately 140 K was experimentally determined using 40s
second-harmonic generation (SHG) techniques.”’ It can be 406
concluded that 6 could enhance the stability of the long-range 407
FM order. 408

Magnetic Anisotropy Properties. Magnetic anisotropy 409
refers to the direction dependence of the MM in a material.
The MAE represents the energy difference between the MM
aligned along the EA and hard axis. Higher MAE corresponds
to the enhanced stability of the magnetic orientation against
external perturbation. For each TBLC, we performed a 360°
in-plane (x0y plane) angular scan of the magnetic orientation
to determine the EA direction. Subsequently, the out-of-plane
Ejg91] was compared to the in-plane EA direction to determine
whether the system exhibited PMA or in-plane magnetic
anisotropy (IMA).

The pristine BL exhibits robust IMA with the EA locked
along the crystallographic a-axis (Figure Sa). Remarkably, the
twist induces the EA switch: the € of 90° transitions to PMA 422
with EA oriented perpendicular to the plane, as shown in 423
Figure Sb. Figure Sc reveals a nonmonotonic MAE evolution 424
with 6, where the magnetic anisotropy alternates between IMA 425
and PMA multiple times as € increases. Among them, the 426
structures with the 8 of 0°, 17°, 37°, 48°, and 60° present IMA, 427
while 25° 73° and 90° present PMA. As the 6 increases, the 428
overall trend is that the value of MAE gradually rises. The 429
strong O-dependence of magnetic anisotropy establishes @ as a 430
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Figure 6. Orbital-resolved MAE of TBLCs with 6 of (a—c) 0°, (d—f) 25°, (g—i) 48°, and (j—1) 90°. Orbital-resolved MAE: (a) 0°-Cr-d, (b) 0°-S-p,
(c) 0°-Br-p, (d) 25°-Cr-d, (e) 25°-S-p, (f) 25°-Br-p, (g) 48°-Cr-d, (h) 48°-S-p, (i) 48°-Br-p, (j) 90°-Cr-d, (k) 90°-S-p, and (1) 90°-Br-p.

Intriguingly, the in-plane EA direction in TBLCs (e.g, 37° 433

431 powerful tuning parameter for magnetic anisotropy engineer- and 48°, Figure Sd,e) aligns precisely with the angular bisector 434
432 ing. of each layer’s original EA. It can be observed that as 0 435
H https://doi.org/10.1021/acs.jpcc.5c04752
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Table 1. Orbital-Resolved MAE of TBLC for Different 6

MAE for different 8 (ueV)

atom orbital 0 17 25 37 48 60 73 90
Cr-d 1.75 —-2.33 5.45 -0.53 —-1.83 -=7.77 —-8.97 12.21
S-p —-1.25 —1.41 —0.66 -3.35 -1.77 —-2.32 -1.19 -3.25
Br-p —12.0 —8.73 —4.49 —-7.93 —4.50 6.21 18.27 24.15

’i-""?"{.i’
T

o B A

Figure 7. Band structure of TBLCs with 6 values of (a) 0°, (b) 48°, and (c) 90°. The CBM wave function with 8 of (d) 0°, (e) 48°, and (f) 90°.
The VBM wave function with 6 of (g) 0°, (h) 48°, and (i) 90°. The blue and yellow represent the phase of the wave function. The isosurface value
is 7.5 X 10~ e/bohr’.

436 increases, the in-plane magnetic axis energy difference We further constructed a three-layer CrSBr structure with an

437 (AEpag) decreases. The radius of the dumbbell curve becomes 0 of 48°. In-plane EA reveals alignment along 16° (ﬂ = 16°)
. . i 3
433 smaller. This proves that the MAE of TBLC is a superposition direction, indicated by the red arrow in Figure S9. This

49 of contributions from the upper and lower layers. As 0 phenomenon appears as the original EA of the top and bottom

440 Increases, the contribution of each CrSBr layer to the overall CrSBr layers maintains identical orientation (0° direction),

441 EA direction diminishes, resulting in a smaller energy while the middle layer’s axis shifts due to the twist.

442 difference. However, 6 has a relatively minor impact on the When the magnetic anisotropy vectors of the three layers
443 energy of TBLCs along the vertical direction of the magnetic undergo superposition, the collinear contribution from the
444 axis. As the 0 gradually increases, the energy within the plane outer layers dominates, driving the resultant EA close to the
a4s gradually increases, leading to the transition from IMA to outer layer direction. This observation further verifies our
446 PMA. conclusion: the direction of in-plane EA is determined by the
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458 vector superposition of magnetic anisotropy from individual
459 CrSBr ML.

460  Atom-Orbital-Resolved MAE. To explain the origin of
461 the MAE transition, the atom-orbital-resolved MAE is
462 calculated, employing tight-binding and second-order pertur-
463 bation theory.”' The MAE of each atom (MAE,) can be
464 assessed by applying the canonical formulation equation:

MAE, = | [E(E - EJBE) - ™|
466 where MAE, represents the ith atom’s MAE. nl¥)(E) indicates
467 the DOS of the ith atom with the magnetic axis along the in-
468 plane direction with the lowest energy. nl®U(E) denotes the
469 DOS of the ith atom with the magnetic axis along the [001]
470 direction, which is perpendicular to the plane. Moreover, the
471 total MAE can be obtained by summing the contribution from
472 each atom (MAE,). Within the framework of second-order
473 perturbation theory,”” the MAE can be derived from the
474 following terms

465

AETT=E " —E =& ) (I<olLlui >P-

a+,u_
s l<o ILJu">I*)/(E,~ — E,7) (3)
AEY=ET—E =8 ) (I<olLlu > P -
- | < o*ILu” > )/(E,~ — E,") (4)

477 where +and —represent spin-@ and spin-f electrons,
478 respectively. &, L,, and L, are SOC constants, associated with
479 the angular momentum operators along the [xy0] and [001]
480 directions, respectively. u and o values represent unoccupied
481 and occupied states, and E, and E,, are the energies of occupied
482 and unoccupied states, respectively. In addition to this, the
483 matrix element differences |<o”IL lu™>>—I<o”IL Ju~>I* and |
484 <0'ILlu">IP—l<o*IL Ju~>I* for d and p orbitals are calculated,
485 shown in Tables S2 and S3, respectively.

486 To further explain the variation of MCA, the atom-orbital-
487 resolved MAE is calculated, as shown in Figure 6. The
488 contribution of Cr, S, and Br atoms to MAE is shown for 6 of
489 0°, 25°, 48°, and 90° from top to bottom. And the other 6 of
490 17°, 37°, 60°, and 73° are shown in Figure S10. For the
491 pristine BL CrSBr, the MAE contributions from Cr-d orbitals,
492 the S-p orbitals, and Br-p orbitals are 1.75, —1.25, and —12
493 peV, respectively. It can be observed that the contribution of
494 Br atom to the MAE is significantly larger than that of the Cr
495 and S atoms. Additionally, the interaction between d,_ and
496 d,, orbitals and the interaction between d” and d,, orbitals of
497 Cr atoms are the strongest, with the values of —166 and 197
498 peV, respectively. For S atoms, the strongest interaction occurs
499 between p, and p, orbitals, and between p, and p, orbitals, with
s00 the values of —12.7 and 11.3 ueV, respectively. For Br atoms,
s01 the stronger interaction also occurs between p, and p, orbitals,
s02 and between p, and p, orbitals, with the values of 31.9 and
503 —43.6 peV, respectively.

so4 When 0 is present, it can be observed that the primary
505 contribution to the MAE for each element remains unchanged.
s06 The lattice vectors of the unit cell of CrSBr and the
507 constructed supercell form a certain angle, which could cause
s08 the exchange of orbitals in the x and y directions. We consider
s09 this to be the same type of interaction. However, the 6
sio significantly modulates both direction and magnitude of

®
—

et

projected MAE, as shown in Table 1. It can be observed si1t
that @ has a more pronounced effect on the Cr-d and Br-p s12
orbitals, compared to the S-p orbitals. For € values of 60°, 73°, 513
and 90°, the MAE contribution from the Br-p orbital is 6.21, 514
18.27, and 24.15 peV, respectively. This indicates that as the 6 sis
approaches 90°, the Br-p orbital gradually contributes more to 516
the out-of-plane MAE, resulting in the EA of TBLC stabilizing s17
predominantly in the vertical direction. 518

Our analysis of wave function evolution and band structure s19
modulation in TBLC reveals 6-dependent electronic state s20
reorganization. The electronic structures of CrSBr with s21
different @ values have been systematically investigated. Due s22
to the distinct supercell lattice structures induced by twist, the 523
superlattice bands were projected onto the original Brillouin s24
zone of the pristine BL CrSBr, using reciprocal space 523
transformation matrices (see Figure S11 for matrix details s26
and schematic).”””® To eliminate the influence of stacking 527
modes on the electronic structure, all band structures and wave s28
functions have been calculated based on the A-stacking at each 529
0. 530

In Figure 7a—c, the unfolded band structures reveal three 8- s31 £
dependent features: Twist can induce spin polarization in the s32
CrSBr BL. All TBLCs preserve half-semiconductor (HSC) s33
characteristics, with both the conduction band minimum s34
(CBM) and the valence band maximum (VBM) dominated by s3s
the same spin channel. The band gaps are 0.661 eV (0°), 0.842 s36
eV (48°), and 0.764 eV (90°), displaying a nonmonotonic 537
angular dependence. While the VBM is still located at the I" s3s
point across these angles, the CBM undergoes a critical 539
position transition, residing at the X point (X = 0,5, 0,0) for s40
the @ of 0° and 48°, but it shifts to the I" point at 90°. It s41
indicates that @ drives the transition from indirect to direct s42
semiconductors, which stems from the reconstruction of s43
interlayer orbital hybridization between Cr and Br atoms. s
Such an effect highlights the potential of twist engineering for s4s
tailoring optoelectronic properties in van der Waals magnets. s46
We also investigate the DOS at various 6, as shown in Figure s47
S12. All DOS confirm that TBLC retains HSC. Interestingly, s4s
the elemental contribution to DOS near the Fermi level varies s49
significantly with 6. Cr atoms dominate DOS near the Fermi sso
level, at 6 values of 0°, 17°, 25°, 37°, 48°, and 90°. In contrast, ss1
S and Br atoms become the primary contributors at 60° and ss2
73°. This observation suggests that 6 modulates the orbital ss3
interaction among these elements. (See Supporting Informa- ss+
tion for details.) $55

In the pristine BL CrSBr, the CBM primarily derives from ss6
the contribution of Cr atoms and S atoms, while the VBM is ss7
mainly composed of S atoms and interlayer Br atoms. ss8
Crucially, the wave functions of both CBM and VBM are 559
completely delocalized across the upper and lower layers. We sé0
have calculated the wave functions of CBM and VBM with 6 of sé1
0° 48°, and 90°, as shown in Figure 7d—i. For the pristine BL s62
CrSBr, the CBM is mainly contributed by Cr and S atoms, s63
while the VBM is primarily composed of S atoms and the inner s64
Br atoms of both layers. The wave function of both CBM and 365
VBM is delocalized across the two layers (Figure 7d,g). For s66
48°, the CBM wave function becomes localized on the bottom s67
CrSBr layer, whereas the VBM wave function is predominantly ses
concentrated in the upper layer with a small portion extending s69
to the lower layer (Figure 7e,h). In the case of 90°, the CBM s70
wave function is completely localized on the lower layer, while 571
the VBM wave function is entirely confined to the upper layer, s72
achieving spatial separation of electron and hole (Figure 7f}i). 573
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574 The same phenomenon also occurs in the twisted black
575 phosphorus homostructures’* and MoS,/WS, heterobi-
576 layers.”” This separation of carriers can effectively prolong
577 the exciton lifetime and is suitable for hot carrier extraction in
578 photovoltaic devices.

579 To further explain this phenomenon, we project the original
580 band structures onto the upper and lower layers, as shown in
s81 Figure S13. For a pristine BL CrSBr, the projected bands of the
s82 two layers are nearly identical. However, when 6 is introduced,
s83 the band exhibits a significant difference, which corresponds to
s84 the variation in the wave function. We attribute this to the
s8s suppression of vertical hybridization between the originally
s86 aligned Cr-d and Br-p, orbitals by 6, which cuts off the
sg7 interlayer extension path of the wave function.

sss  Phonon Spectrum and AIMD Simulation. To confirm
s89 the dynamic stability of the twisted structure, comprehensive
s90 phonon dispersion and phonon density of states (PHDOS)
so1 analyses have been performed, as presented in Figure 8. (The
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IS ° o E

N
T X

AE (10° Ha)

'
n

(=)
N
N

6
Time (ps)

Figure 8. Phonon band and PHDOS of TBLC with the 8 of (a) 0°,
(b) 48°, and (c) 90°. The blue, red, green, and black lines represent
Cr, S, Br, and total PHDOS, respectively. Function of energies with 8
of (d) 0° (e) 48° (f) 90° in the simulated temperature of 300 K.

592 k-point paths for each structure are shown in Figure S14.) The
593 absence of imaginary frequency in the phonon spectra for 6
594 values of 0°, 48° and 90° confirms the thermodynamic
595 stability. For the pristine BL CrSBr, the optical branches are
596 well separated at the I' point, while some branches become
597 degenerate, which is related to the symmetry of the CrSBr
s98 lattice, at the X and Y points. The maximum phonon
599 frequencies for 6 of 0°, 48°, and 90° are 10.87, 10.93, and
600 10.72 THz, respectively, indicating that @ could modulate
601 lattice vibrational frequencies. PHDOS can be divided into
602 three parts. In the low-frequency regime (0—4 THz), the

phonon modes are predominantly contributed by the heavier 603
Br atoms, corresponding to acoustic vibrations. The mid- 04
frequency range (4—8 THz) exhibits comparable contribution 6os
from all constituent elements. At higher frequencies (8—11 06
THz), lighter S and Cr atoms dominate the vibrational 607
spectrum, characteristic of optical phonon modes. The three 608
PHDOS display prominent peaks at 1.7, 3, 6, 9, and 10.5 THz, 609
indicative of localized vibrational modes associated with the 610
flat region in the phonon dispersion curves. 611

To demonstrate the thermodynamic stability of TBLC, an 612
AIMD simulation was performed at 300 K. Figure 8d—f shows 613
the energy fluctuation around —845.319, —845.323, and 614
—845.324 Ha for the 8 of 0°, 48°, and 90°, respectively. The 615
average energy fluctuation per atom with € of 0°, 48°, and 90° 616
at 300 K are 0.0029, 0.0017, and 0.0027 Ha, respectively. 617
Random snapshots of the geometry during the simulation also 618
prove the structural integrity, as shown in Figure S1S. In 619
addition, the AIMD simulations with @ values of 17°, 25°, 37°, 620
and 73° are also performed, as shown in Figure S16. All 621
simulated results demonstrate the excellent dynamic stability of 622
the TBLC. 623

B CONCLUSIONS 624

In this work, we systematically investigated the twist 625
engineering of magnetic properties and electronic structures 626
in CrSBr BL through first-principles calculation. The 6 627
fundamentally modulates interlayer interaction, magnetic 628
order, and magnetic anisotropy via moiré superlattice 629
engineering. Three critical phenomena emerge: (1) @ stabilizes 630
FM order in CrSBr BL, independent of stacking modes, which 631
contrasts strikingly with the stacking-dependent magnetism in 632
pristine BL. Notably, the 8 of 73° exhibits unique stripe-like 633
moiré patterns that revive stacking sensitivity through a 634
geometrically ordered coupling channel. (2) Nonmonotonic 63s
magnetic anisotropy transitions are observed, which succes- 636
sively alternate between IMA and PMA as 0 increases. (3) 637
Orbital-resolved analysis identifies Br-p orbital as the dominant 638
contributor to PMA, with their contribution amplifying by 639
200% at 6 of 90° compared to 0°. 640

The nonvolatile memory elements can be effectively 641
designed by utilizing the 6-controlled EA switching between 642
IMA and PMA. This unique switching behavior enables 643
multistate memory operation through precise control of 644
magnetization orientations. Furthermore, the discovery of 645
twist-dependent bandgap modulation and layer-separated 646
charge carrier localization suggests a potential application in 647
twist-tunable optoelectronic devices. Finally, the phonon 648
spectra and AIMD simulations collectively validate the 649
experimental realizabilities of TBLCs. Our work establishes 6s0
CrSBr as a prototypical platform for moiré magnetism studies 651
in orthorhombic vdW magnets, expanding the material base for 652

twistronics beyond the conventional hexagonal system. 653
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