PHYSICAL REVIEW B 108, L100401 (2023)

Controllable magnetic domains in twisted trilayer magnets
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The use of moiré patterns to manipulate two-dimensional materials has facilitated new possibilities for
controlling material properties. The moiré patterns in the two-dimensional magnets can cause peculiar spin
texture, as shown by previous studies focused on twisted bilayer systems. In our study, we develop a theoretical
model to investigate the magnetic structure of twisted trilayer magnets. Unlike the twisted bilayer, the twisted
trilayer magnet has four different local stacking structures distinguished by the interlayer couplings between the
three layers. Our results show that the complex interlayer coupling effects in the moiré superlattice can lead to the
stabilization of rich magnetic domain structures; these structures can be significantly manipulated by adjusting
the twist angle. Additionally, external magnetic fields can easily manipulate these domain structures, indicating

potential applications in magnetic devices.
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Introduction. The manipulation of two-dimensional (2D)
materials using moiré patterns has facilitated exciting possi-
bilities for designing unique material properties [1-8]. Recent
experimental demonstrations of moiré magnets in twisted
transition metal trihalides MX3 (M = Cr, Ru; X = Cl, Br,
I) have shown the potential to manipulate nanoscale mag-
netic domain structures by adjusting the twist angle [9—12].
Additionally, theoretical studies indicated the emergence of
magnetic skyrmions [13—-18] and topological magnons [19,20]
within the domain structure, which are promising for the de-
velopment of spintronics [21-23] and multiferroic materials
with electrical tunability [24].

The moiré engineering of the van der Waals interface pos-
sesses great potential for extension to various heterostructures
and multilayer systems. Examples of recent progress include
nonmagnetic 2D materials, such as graphene [1,2], transition
metal dichalcogenides [3], and transition metal oxides [4],
as well as magnetic 2D materials, such as transition metal
trihalides [9—-12] with multilayer moiré superlattices.

In this study, we present a theoretical model to investi-
gate the effects of moiré patterns on twisted trilayer magnets
(TTMs), as shown in Fig. 1(a). In comparison to previous
studies on twisted bilayer magnets (TBMs) [15-20,24-27],
the TTM has complex magnetic domain structures due to the
four distinct coupling configurations of the local interlayer
interaction between the layers, as shown in Fig. 1(b). By ex-
amining the intriguing interlayer coupling effects in the moiré
superlattice, we demonstrate that the magnetic domain struc-
tures can be altered by adjusting the twist angle and external
magnetic field, as depicted in Fig. 1(c). Our findings provide a
controllable platform for magnetic textures and enable further
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exploration of the potential applications of moiré engineering
in multilayer magnetic systems.

Noncollinear magnetism induced by moiré patterns. The
moiré superlattices of the TTMs are formed by rotating the
middle layer of an aligned trilayer honeycomb lattice around
one of its hexagonal centers via the commensurate angle
Om.n = arccos (%), where m and n are coprime in-
tegers [28] [see Fig. 1(a)]. The Heisenberg spin model that
describes the TTM is given by the Hamiltonian

e Y | Xm0 Y k)

I=t,m,b (i, ])

+ D[ w4 T b ()
ij

where m! represents the magnetization vector for ith spins in
the top, middle, and bottom layers (1 = t, m, b), respectively.
J > 0 is the intralayer FM exchange interactions between
nearest-neighbor spins. Jil}’lz represents the interlayer ex-
change interactions between layer 1; and 1. D, > 0 indicates
the single-ion anisotropy energy.

In Crls, the stacking-dependent interactions alternatively
exhibit FM and AFM interactions depending on the local
stacking structures [29,30]. To account for this behavior, we
use the following coupling function, derived from ab initio
calculations on laterally shifted bilayer Crl; [19]:

J}J’.‘"mb =Joexp (— [r —dol/lo)
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FIG. 1. Schematic of twist engineering in trilayer magnets.
(a) Twisted trilayer magnet is formed by rotating the middle layer
of an aligned trilayer magnet. (b) Twist generation of the four dis-
tinct local interlayer couplings Ji_;.“'mb, each with either ferromagnetic
(FM) or antiferromagnetic (AFM) characteristics. (c) Interlayer cou-
pling stabilization of the four different magnetic domain structures.
Red (blue) indicates magnetization in the positive (negative) z di-
rection. The numbers in parentheses denote the number of magnetic
domains per moiré unit cell in each layer.

where r;; = r; —r; represents the in-plane displacement be-
tween two interlayer spins, dy &~ 6.7A is the out-of-plane

distance, and r = v|r;;|* + d;. The wave vectors [¢5¢ =
gs,c(cos )¢, sin@>“) fora = 1,2, 3, where ¢} = (37 /2)(a —
1) and ¢; = (3w /2)(a— 1)+ 7 /6], and length parameters
(lo, I7°) describe the leading oscillatory and decaying behav-
ior of the interlayer coupling, respectively. The energy scales
(Jo, J1©) determine the overall strength of the coupling. The

specific values of the parameters are listed in Table 1.

TABLE I. The parameters for the coupling function in Eq. (2),
which was derived from ab initio calculations on laterally shifted
bilayer Crl; [19].

JomeV) J() () rA) () L) () gAY g
—0.1 -0.5 0.1 7.3 0.1 0.3 0.6 0.7 2.0

The local stacking between neighboring layers exhibits
continuous modulation between six distinct stacking con-
figurations (AA, AB, BA, AB’, AC’, AB)). According to
ab initio calculations AA, AB, BA, and AB’ stacking exhibit
FM character, while AC’ and AB/ exhibit AFM character
[See Fig. 2(a)] [19]. In principle, the moiré superlattice of
the TTM is composed of combinations of the six stacking
structures. However, the stacking between the top-middle
and the middle-bottom layers is not independent since the
inversion symmetry ties the stacking structures between the
top-middle and middle-bottom layers. As a result, the TTM
possesses six local stacking structures: AB-BA, BA-AB,
AA-AA, AB|-AB|, AC-AB’, and AB’-AC’' [Fig. 2(b)],
each of which has FM-FM, FM-FM, FM-FM, AFM-AFM,
AFM-FM, or FM-AFM couplings for the top-middle and the
middle-bottom layers, respectively. In turn, those local stack-
ing regions can be grouped into four distinct local patches
according to their interlayer coupling [See Fig. 2(c)].

Magnetic domain structure via twist engineering. Due to
the coexistence of the AFM and FM interlayer couplings, the
magnetic ground state forms a magnetic domain in one of the
layers where the domain has an AFM spin configuration from
its neighboring layer. In the TBM, the three Cs, symmetric
magnetic domains reside in one of the two identical layers,
resulting in double degeneracy. In contrast, the TTMs possess
multiple possibilities with distinct domain energies depending
on the location of the domain. Specifically, the AFM-AFM

(a) (b) ()
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ABy’ (AFM) AC’ (AFM) AB’ (FM) aa
@® AB-BA O ABy'-AB
B AFM - AFM AFM - FM
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O AA-AA O AB'-AC

FIG. 2. Local stacking patterns and interlayer exchange couplings. (a) Two adjacent layers showing local stacking patterns that can be
either ferromagnetic (FM) or antiferromagnetic (AFM), with corresponding interlayer exchange couplings. (b) Moiré unit cell with six distinct
trilayer structures, each composed of the bilayer stacking patterns shown in (a). The first (second) letters in each trilayer structure denote the
bilayer stacking pattern between the top and middle (middle and bottom) layers. (c) Six local stacking regions are grouped into four patches
with distinct interlayer coupling characteristics (such as AFM-AFM), where the first (second) letters indicate the coupling type of the interlayer

exchange between the top-middle (middle-bottom) layers.
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FIG. 3. Magnetic domain structures in twisted trilayer magnets. (a) Phase diagram illustrating four magnetic phases: ferromagnetic
(FM), noncollinear domain (NCD), type-I magnetic domain (MD-I), and type-II magnetic domain (MD-II) phases. The out-of-plane net
magnetization M, = % >, my; is shown as a function of twist angle € in the top (magenta), middle (blue), and bottom (green) layers, and all
layers (black), respectively. (b) Magnetic energy per spin relative to the FM energy as a function of 6. Each curve shows the intralayer gradient
energy Ei., interlayer coupling energy Ejyer, and total energy Eio = Ejpya + Einer, r€spectively. (c) Magnetic configuration in the NCD phase,
where the out-of-plane local magnetization m, ; is depicted using a color scale. The 3 x 3 moiré superlattice unit cells are shown, with a green
line indicating a single unit cell. The second to fourth panels depict the magnified area (red line) in each layer in the first panel, where the
arrows denote the in-plane components of the local magnetization. (d) Magnetic configuration in the MD-I phase. (¢) Magnetic configuration
in the MD-II phase. (f) Phase diagram showing the transition from the MD-I to MD-II phases as a function of intralayer exchange J and
single-ion anisotropy D, with the out-of-plane net magnetization M,. The red line represents the fitting curve given by Eq. (4). For (a)—(e),
we use J =2 meV and D, = 0.2 meV. For (c)—(e), the values of 6 are denoted by red markers in (a) and (b). For (f), we use 0 = 2.45°

[(m, n) = (13, 14)].

patch can potentially stabilize the magnetic domains in the
middle layer. Alternatively, the magnetic domain can span
across a wider region, including the AFM-FM, FM-AFM,
and AFM-AFM patches, in either the top or bottom layer.
In Fig. 1(c), we classify the four possible distinct domain
configurations, where the local interlayer coupling and the
domain configurations are consistent with each other. As the
twist angle increases, the size of the moiré superlattice de-
creases. The magnetic domain structure is determined by the
competition between the intralayer gradient energy (Ein,) and
the interlayer coupling energy (Einer). In the case of small
superlattices, the intralayer gradient energy outweighs the in-
terlayer coupling energy, resulting in a higher energy cost for
magnetic domain formation. Therefore, it becomes energet-
ically unfavorable for the system to form multiple magnetic
domains. As a result, at large twist angles (6 = 4°), the ground
state exhibits a uniform FM order.

As the twist angle decreases, a continuous transition to
the intermediate noncollinear domain (NCD) phase occurs
before the formation of the magnetic domain. In the NCD
phase, the spins in all layers are continuously tilted into the
xy plane, resulting in a decrease in the net magnetization:
M, = 553y o mL; [See Fig. 3(a) for the phase dia-
gram]. This intermediate phase can be considered a precursor
to the formation of the magnetic domain and is characterized
by the continuous rotation of the magnetization vector, with-
out a well-defined magnetic domain. The presence of the NCD
phase is related to the interlayer exchange coupling between
the top and middle layers, which competes with the intralayer
exchange coupling and leads to the rotation of the spins.

As the twist angle decreases further, the spin tilt angle
increases, resulting in a higher intralayer gradient energy
Einra [Fig. 3(b)]. Despite this increase in Ejy, the inter-
layer coupling energy Ej results in a reduction of the
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total energy Eiot = Eintra + Einter, Stabilizing the magnetic do-
main (MD) phases where the spins in the layers flip inside
the domain. Among the four possible categorizations of the
MDs [Fig. 1(c)], two are energetically stabilized (MD-I and
MD-II). In MD-1, a localized magnetic domain is found in the
AFM-AFM patch of the middle layer; in the MD-II phase, the
magnetic domains form in the top and bottom layers instead
of the middle layer, doubling the number of domains from 3 to
6 per unit cell [Fig. 3(e)]. The number and size of domains are
increased and include the AFM-FM and FM-AFM patches, as
well as AFM-AFM patches. Furthermore, this phase transition
to the MD-II phase is a first-order transition and involves an
abrupt reconstruction of the domain structure [Fig. 3(a)].

The competition between intralayer energy (Einy,) and in-
terlayer energy (Einer) plays a crucial role in the transition
from the MD-I to MD-II phases. To illustrate this, we derive
the following energy expressions (see Supplemental Material
[31] for the detailed derivation):

3n2LiID, 6] 7wL}

Evpr = 5>— + Epm, (3a)
a a
6m2Ly/JD. 6], mL?
Evpn = P £ - J;lz 2 + Epu, (3b)

where the first and second terms in each equation correspond
t0 Einra and Eiyer, respectively. Here, J, and J/ represent the
average interlayer exchange couplings within each domain.
The sizes of a domain in each phase are denoted as L; ~ a/6
and L, ~ a/0, respectively, with the condition L; < L, being
maintained. Here, a is the lattice constant of the honeycomb
lattice, and Egy; denotes the FM energy.

When J and D, are fixed, the second terms in the energy
expressions dominate over the first terms as the twist angle 6
decreases. This implies that the MD-II phase becomes ener-
getically favorable compared to the MD-I phase in the small
twist angle regime, due to its larger domain size wL3, as
depicted in Figs. 3(a)-3(b). On the other hand, for a fixed
twist angle 6 (i.e., fixed L; and L), a larger value of J or
D, favors the MD-I phase energetically, owing to its smaller
coefficient 372L,. By setting Eyp.1 equal to Eyp. 11, we obtain
the equation describing the phase boundary between the MD-I
and MD-II phases:

JD. = M

© 3w (2L, — Ly)a

The phase diagram shown in Fig. 3(f) agrees well with Eq. (4)

with the fitting parameter % ~ 0.62meV?2, confirm-
ing the validity of our analysis.

Manipulation of domain structure by applying external
magnetic fields. The magnetic domain structure of twisted
trilayer magnets can be manipulated by applying external
magnetic fields, without the need for fine-tuning the twist
angle. Specifically, a uniform magnetic field applied in the
out-of-plane direction (Bex) can induce transformations be-
tween different magnetic states. To show this, we calculate
stabilized magnetic structures modified from ground states in
each magnetic phase by including the Zeeman coupling term

Hz = —Bew »_ Y m, )

I=t,m,b i

“

in addition to the magnetic Hamiltonian in Eq. (1).

We manipulate each magnetic phase through the applica-
tions of magnetic fields. First, as shown in Fig. 4(a), an FM
ground state can be transformed into a NCD state by applying
a magnetic field in the opposite direction as the net magneti-
zation M,. With increasing field strength, the NCD state can
further evolve into a metastable state without domains, called
an interlayer antiferromagnetic (I-AFM) state. In this state,
the spins in the middle layer flip toward the field direction,
while the other layers remain unchanged. As the field strength
increases further, spins in the other layers also flip, resulting in
the stabilization of an FM state in the direction of the magnetic
field.

Similarly, a NCD ground state can be transformed into an
FM or I-AFM state by applying a magnetic field in the oppo-
site direction [Fig. 4(b)]. Conversely, it can be continuously
transformed into an FM state by applying a magnetic field in
the same direction as the net magnetization.

Moreover, a MD-I ground state can be continuously (or
discontinuously with spin flipping) transformed into a NCD or
FM state by applying a magnetic field in the same (opposite)
direction as the net magnetization [Fig. 4(c)]. However, in this
case, unlike the FM and NCD ground states, the I-AFM state
is not stabilized.

Finally, a MD-II ground state can be transformed into a
MD-I state by applying a magnetic field in the same or op-
posite direction [Fig. 4(d)]. With increasing field strength, the
MD-I state can further change into a NCD or FM state. As
a result, all different magnetic structures of twisted trilayer
magnets can be achieved by simply applying a magnetic field
to a MD-II ground state, which offers wide flexibility in con-
trolling the magnetic domain structure without requiring fine
tuning of the twist angle.

Discussion. Upon further investigation, we discovered
that each magnetic phase could exhibit additional mag-
netic domain structures with varying numbers of small and
large magnetic domains as excited states (see Supplemental
Material [31]), in addition to the ground magnetic config-
urations [Figs. 3(c)-3(e)]. These excited states are notable
for carrying skyrmion spin textures around the domain wall
[13-18], which can be stabilized due to the domain structure
alone, without requiring other magnetic interactions that favor
a winding spin texture, such as the Dzyaloshinskii-Moriya
interaction [32-34]. These findings have significant implica-
tions since they demonstrate the possibility of manipulating
magnetic domain structures to stabilize new states with unique
spin textures, facilitating the development of novel spintronic
devices with enhanced functionalities [21-23].

In addition, our findings suggest that the magnetic do-
mains in twisted trilayer magnets can be easily manipulated
via external magnetic fields, eliminating the need for pre-
cise control over the twist angle, which can be challenging
in experimental techniques [9-12]. By applying a magnetic
field, we can induce a transition between the different mag-
netic domain phases, enabling the precise control over the
domain structure. Our study provides a promising avenue
for designing magnetic devices based on twisted trilayer
magnets, where the magnetic domains can be manipulated
by external magnetic fields, enabling greater flexibility and
control.
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FIG. 4. Manipulating the magnetic domain structures with external magnetic fields. (a) Effect of the external magnetic fields By in the out-
of-plane direction on a ferromagnetic (FM) ground state, transforming it into a noncollinear domain (NCD) or an interlayer antiferromagnetic
(I-AFM) state. The net magnetization M, is shown as a function of Bey, where BeyM,; > 0 (BexM, < 0) indicates that the magnetic field is
in the same (opposite) direction as the net magnetization. (b) Transformation of a NCD ground state into an FM or I-AFM state under the
influence of a magnetic field. (c) Transformation of a type-I magnetic domain (MD-I) ground state into NCD or FM states. (d) Transformation
of a type-II magnetic domain (MD-II) ground state into any of the previously mentioned magnetic states. The schematic images in each
panel illustrate the corresponding magnetic structures. The values of 6 used for (a)-(d) are 6.01°, 3.89°, 1.89°, and 1.30°, corresponding to
(m,n)=(5,6),(9,10),(17,18), and (25,26), respectively. The parameters / = 2meV and D, = 0.2 meV are used for all plots.
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