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ABSTRACT: Motivated by the recent developments in moire
superlattices of van der Waals magnets and the desire to control
the magnetic interactions of /-RuCl,, here we present a
comprehensive theory of the long-range ordered magnetic phases
of twisted bilayer /-RuCl,. Using a combination of first-principles
calculations and atomistic simulations, we show that the stacking-
dependent interlayer exchange gives rise to an array of magnetic
phases that can be realized by controlling the twist angle. In
particular, we discover a complex hexagonal domain structure in
which multiple zigzag orders coexist. This multidomain order
minimizes the interlayer energy while enduring the energy cost due
to domain wall formation. Further, we show that quantum
fluctuations can be enhanced across the phase transitions. Our results indicate that magnetic frustration due to stacking-dependent
interlayer exchange in moire superlattices can be exploited to tune quantum fluctuations and the magnetic ground state of /-RuCls;.
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Coexisting zigzag magnetic orders

I-RuCl, is a van der Waals (vdW) magnet that has attracted a phases have been observed experimentally.***® Given that
lot of attention in recent years as a promising candidate for a monolayers of /-RuCl, can be isolated by exfoliation
Kitaev quantum spin liquid (QSL).* However, its zigzag methods*”*® and heterostructures with other vdW materials
antiferromagnetic (AFM) order below T, " 7 K2°® indicates such as graphene can be constructed,”® moire engineering in /-
deviations from the Kitaev model. The specific nature of these RuCl, can be explored as a means to tune its magnetism.

deviations has been theoretically and experimentally inten- Here, we study the long-range ordered magnetic phases of
sively scrutinized, with many works pointing to additional large twisted bilayer /-RuCl, by a combination of first-principles
anisotropic couplings beyond the Kitaev interaction and long- calculations and atomistic simulations. Our main results are as
range exchange likely stabilizing magnetic order.”"*? Under the follows: (i) We obtain the stacking dependent interlayer
application of an in-plane magnetic field, the zigzag order is exchange within the moire unit cell and show that the two
suppressed, leading to a field-induced “disordered” phase, layers are coupled antiferromagnetically for dilerent stacking
whose nature is presently still under intensive debate, orders. (ii) Among the three inequivalent ordering wave
especially due to initial reports of the observation of half- vectors (g, i = 1, 2, 3) for the zigzag AFM order (see Figure
quantized thermal Hall conductivity.'®> This behavior would le-g), the two layers spontaneously pick dilerent g’s on each
correspond to a chiral Kitaev spin liquid state.® H owever, these layer for large twist angles. This single-g phase (1g-1q) has no

domain wall, but the interlayer exchange energy averages to
almost zero. (iii) For small angles or large moire periodicity,
the ground state incorporates all three of the ¢'s in a complex
domain structure (3g-3g). These domains resemble a
hexagonal shape and minimize interlayer exchange. However,
these domains are separated by domain walls that cost energy.
(iv) Comparing the interlayer exchange and domain wall
energy, we obtain an analytical formula for the transition

results have not been corroborated so far.2*"'® Alternatively,
there have been promising routes to investigate the emergence
of novel phases beyond the zigzag AFM order by considering
such approaches as chemical doping,” strain fields,**"?* and
graphene substrates.??72% In the present work, we explore yet a
new route to modify the magnetism in /-RuCl,, by exploring
the properties of twisted bilayers of /-RuCl,

Moire superlattices of van der Waals materials have surfaced
as new tunable quantum platforms for the realization of

emergent phases on every front, including graphene, Received: October 23, 2023
semiconductors,®* and superconductors.>> While moire en- Revised:  January 7, 2024
gineering of electronic phases has been studied extensively, Accepted: January 8, 2024
research in moire superlattices composed of magnetic materials Published: January 10, 2024
is at its early stages. A range of novel noncoplanar phases have
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been predicted in moire vdW magnets, and some of these
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Figure 1. (a-c) Schematic representation of the three dilerent
stackings used in our first-principles DFT calculations on bilayer /-
RuC.I3 displaying the .|nterlayer nelghbors exchange coyplmgs
considered (for half a unit cell) as shown in eqgs 4-6. (d) Continuous

interlayer exchange coupling function JL(r) = JL(O) eﬂg“/cz”z/c/eﬁ5

as a function of displacement r. Here, we use J,(0) = 0.5 meV
obtained from our ab initio DFT estimation. (e—g) Spin textures for
the zigzag AFM order for a 7 x 7 system. There are three inequivalent
ordering wave vectors, g, g, and g, that are related with C,
symmetry.

between these two phases which agrees well with the atomistic
simulations. (v) In the vicinity of the 1g-1qg and 3g-3q phase
boundary, we obtain an intermediate phase with two g's on
each layer (2g-2q) that has both domain walls and finite
interlayer exchange energy.

We start by introducing the spin Hamiltonian, which
describes the magnetic properties of twisted bilayer /-RuCl,.
For simplicity we limit ourselves to a minimal set of exchange
parameters, which have proven to provide a reasonable
description of several experimental observations in /-RuCls:°

H = Hiwa (1)

where 941(2) contains the intralayer exchange terms in layer 1
(2) and Hier contains the interlayer exchange:

sl ]
+ Hintra+ Hinter

Hia = D, 1SS, + KSISI + T(S/S/ + 5]
@,
U DS,
)
7—{inter = ZJJ_("U)S}.S%
(ijy

(2)

(3)

where " = x, y, z type bonds on the honeycomb lattice. J, 3 18
the (third) nearest-neighbor Heisenberg exchange; K and S are
the Kitaev and the symmetric anisotropic exchange interaction
terms.”® J,(r,) is the interlayer exchange coupling, and r
represents the interlayer displacement.

For the intralayer exchange parameters, we used K = -5
meV, $ = 25 meV, J; = -0.5 meV, and L, = 0.5 meV as
obtained in ref 9. In order to determine the interlayer
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exchange, we perform first-principles density functional theory
(DFT) calculations for three dilerent bilayer stackings (AA,
AB&, and AB) shown in Figure 1 (details on the ab initio DFT
calculations are provided in the Supporting Information). For
each stacking, we extract the energy dilerence (' E) between
two spin configurations: ferromagnetic (FM), with FM planes
coupled to FM out-of-plane, and antiferromagnetic (AFM),
corresponding to FM planes coupled to AFM out-of-plane.
Even though the magnetic ground state in RuCl, is zigzag-like,
as mentioned above, we use the energy dilerence between
these simpler spin configurations to obtain an estimate of the
elective interlayer exchange. Importantly, for all stackings, we
obtain a lower energy for an elective AFM interlayer coupling.

For the three stacking orders used, we construct an
interlayer spin Hamiltonian in which the exchange coupling
depends on the displacement, J%(r,.j), and we equate the energy
dilerence from the ab initio DFT calculations (' E) to the
corresponding elective interlayer spin Hamiltonian. For
instance, the unit cell for the AA stacking used in the first-
principles calculations has four interlayer bonds with r = 0 and
12 bonds with r = a/(3 (see Figure la—c for a schematic
picture of the interlayer bonds). In this manner, we obtain
three equations for the three dilerent stacking patterns used.

4J,(0) + 12J (ag) = AEpa/2 = 3.2 meV (4)

8J,(ag/3) + 8J,(2a,/3) = AEpp/2 = 1.6 meV (5)

(6)

where a, = a /(3 is the bond length on the honeycomb lattice.
We implement a cuto! for the range of the exchange
interaction, J(r = 2a/3) ) 0, and solve eqs 4, 5, and 6,
obtaining J(0) = 0.5 meV, J(a,/(3) = 0.2 meV, and J(a) =
0.1 meV. Similar values of the interlayer exchange parameters
have been reported in previous work.*>*° To determine a
continuous J(r;), we fit these values to an exponential decaying
function, Jl(r) = JL(O) e*BVEZJ'_’T/C/e45 (as shown in Figure
1d), with B = 0.04898 and C = 0.02943 being the fitting
parameters. Since the interlayer exchange is antiferromagnetic
regardless of the stacking order (for both monoclinic and
rhombohedral), we expect that our mapping scheme to an
elective spin model is su"cient to demonstrate the elects of
interlayer exchange in /-RuCl,. In contrast, if the sign of the
interlayer exchange changes depending on the stacking order,
more sophisticated methods involving moire maps of interlayer
exchange can be necessary, as in the case of Crl*>"*?

For a bilayer “untwisted” /-RuCl, with AA stacking order,
the antiferromagnetic interlayer exchange is not frustrated, and
the energy is minimized when both layers have the same single-q
zigzag order. Due to the 3-fold rotational symmetry, there are
three possible single-g patterns as shown in Figure le-g. On
the contrary, for moire superlattices, the real space stacking
within the moire unit cell changes as a function of
displacement R. For small twist angles, the local stacking can
by described by a translational shift, r(R) * #z x R as shown
in Figure 2a. Due to this varying shift, the nearest neighbor
spins in two layers cannot be antiparallel throughout the moire
unit cell when both layers have the same single-q order. To
show this elect, we present in Figure 2b,c,d the projections of
the nearest neighbor spins of layer-2 on the spins of layer-1

2J,(0) + 18/ (a,) = AEpg/2 = 2.8 meV

=z,
times the exponential decaying function e 2VE*" /€ /B ysed

above for Jo, for qq, g5, and g3, respectively. For 1g-1q zigzag
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Figure 2. Moire pattern and projection of the nearest neighbor spins
of layer-2 on the spins of layer-1 in twisted bilayer RuCl, (a) Moire
pattern of a twisted bilayer system. For a small angle, the local
stackings of the moire unit cell can be considered as the untwisted
bilayer system with one layer shifted by displacement r. (b) g, zigzag
order and the projection of first nearest neighbor spins of layer-2 on
the spins of layer-1 times an exponential decaying function of in-plane
displacement r with q, zigzag order in both layers of a 2 x 2 moire
unit cell (L " a/#). The red and blue colors represent parallel and
antiparallel spins, respectively. (c and d) The same analysis as b for g,
and gs, respectively.

order with g, on each layer, the spins are parallel at R, with a
zero shift as shown in Figure 2b. At R, and R,, the translational
shifts are a, and a,, respectively, and both of these shifts move
a parallel spin to the location of an antiparallel spin. The whole
pattern of varying parallel and antiparallel local stacking orders
can be obtained in this way for the g, and g, orders as well.
Based on the local translational shifts, the 1g-1q zigzag order
in a 2 x 2 moire unit cell can be divided into three equal parts
as shown in Figure 2b,c,d. In the one-third area, the spins are
aligned parallel to each other, and this area is represented by
red color, whereas in the second one-third area, they are
arranged antiparallel (blue color). In the last one-third area, the
spins are both parallel and antiparallel (white color).
Therefore, the total interlayer exchange energy averages to
zero. Even though this analysis is carried out when both layers
have the same wave vector, it holds true for dilerent g’s on
each layer as well.

However, the interlayer energy can be minimized if there are
multiple-q zigzag patterns in each layer that are separated by
domain walls. In Figure 2b—d, the white regions represent the
areas where q,, g,, and g, orders cannot gain interlayer energy,
respectively. These regions are combined in a single graph in
Figure 3a that shows a schematic representation of constraints
on the wave vectors that minimize the interlayer exchange
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Figure 3. (a) Schematic representation of constraints on the wave
vectors that minimize the interlayer exchange energy. Red, blue, and
green diamonds represent regions where only g,, g,, and g, can gain
interlayer energy, respectively. On the other hand, violet, yellow, and
pink colors represent regions where q,, g,, and g, on their own cannot
gain energy. White color represent regions where all the three g's can
gain interlayer energy. (b,c) Two examples of multidomain structures
that minimize the interlayer exchange energy. Red, blue, and green
colors represent q,, q,, and g, zigzag orders, respectively. The white
hexagons in b represent regions where any of the three ¢'s is allowed.

energy. We implement the following color coding: the
intersection of yellow and magenta bars is represented by
red diamonds, where both g, and g, orders cannot gain energy.
Therefore, the red diamonds display g, order. Similarly, blue
and green diamonds represent regions where only g, and g,
can gain energy, respectively. The violet, yellow, and pink
colors represent regions where only q,, g,, and g, cannot gain
energy. In the white region, any of the three wave vectors can
gain energy. Applying these rules, we have constructed two
examples of multidomain structures in Figure 3b and c. The
white hexagons in Figure 3b can be filled with any one of the
three g orders. The domain structure in Figure 3c was
predicted in ref 34 using a continuum model instead. Both of
these configurations (b and c) fully minimize the interlayer
energy and diler only by the domain wall length.

The competition between the domain wall and the interlayer
energy leads to interesting phases as a function of the moire
period (or twist angle) and interlayer coupling. We obtain the
corresponding phase diagram by solving the Landau-Lifshitz—-
Gilbert (LLG) equation®® for both layers as shown in Figure
4a. For the interlayer exchange, we use the form derived from
first-principles calculations, but we vary the overall amplitude, J
(9). For a small moire period (or large twist angle), the
ground state is in a (1g-1q) phase as shown in Figure 4b. In
this phase, both layers have dilerent single-q zigzag patterns.
These zigzag patterns are deformed from perfect order, leading
to some gain in the interlayer energy. The degree of
deformation increases with J,. For large moire periodicity
(L) and large Ju/, we obtain the 3g-3q phase. In this phase, all
three possible zigzag patterns are formed, as shown in Figure
4c. This phase is consistent with Figure 3b, and the shape of
the zigzag patterns is hexagonal. One of the three g's occupies
the white hexagons of Figure 3b, and it forms a larger domain
of three hexagons connecting the opposite hexagons of the
same q. This phase maximizes the interlayer energy, and the
galn in interlayer energy in 2 x 2 moire unit cells is E, ! J, *

- 4, 8(L/a, )2/3, where N is the number of sites and a, is the
bond Iength On the other hand, the cost of domaln wall
energy formation is approximately £_ " 40L& x 5.6623/
(3 a, mev, where 40L& is the length O%Nthe domain walls and

= L/(4 cos(S/6)) is the edge length of the hexagons (see
Supportmg Information for the derivation of E__ ). A critical
moire period for the phase transition from 1g-1qg to 3g-3gq
can be attained by equating E__ and E/ leading to L =
(14.1562 meV/J )a We find that the second candidate
domain structure shown in Figure 3c has a longer domain wall
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Figure 4. (a) Phase diagram of twisted bilayer /-RuCl 3s a function moire period L and J . The ab initio estimate is J (0) 3 0.5 meV. The inset shows
the same phase diagram as a function twisted angle # and interlayer coupling J . Magnefization texture of (b) 1g-1q for L = 12a andJ (0),= 0.2 gneV
and (c) 3g-3q for L = 36a, and Jy(0) = 0.6 meV. Magnetization textures are shown for 2 x 2 moire unit cells.

length, and therefore, it is not preferred when compared to the
hexagonal domain structure. The dashed line in Figure 4a
represents the analytical estimate for the 1g-1g to 3g-3g
phase transition. For intermediate moire periods, we obtain an
intermediate 2g-2q phase as shown in Figure 5. In this phase,
there are two kinds of zigzag patterns giving rise to a large
fraction of interlayer energy. However, it is not possible to
obtain a maximum interlayer energy from double zigzag
patterns. On the contrary, such patterns have shorter domain
wall length compared to 3q-3q phase. For small Jy, the 2g-2q
phase exists for a range of moire periods whereas for large Jo
this phase exists only for a very short-range of small moire
periods and the distinction between 1g-1q and 2q-2q phases
is not evident.
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The competition between a QSL state and zigzag AFM
order seems to be crucial for the magnetism of /-RuCls. Our
analysis shows that the moire interlayer exchange introduces a
new type of magnetic frustration, weakening the zigzag AFM
order. However, it is challenging to have conclusive remarks on
how the interlayer exchange alects the QSL state, since the
Kitaev model with additional $ and Heisenberg terms is not
exactly solvable. It is also not possible to perform exact
diagonalization calculations for the twisted bilayer due to the
large system size. However, recent mean-field theory
calculations for bilayer and moire superlattices of Kitaev-type
models®2~>% suggest that the Kitaev spin liquid is stable up to a
certain value of the interlayer exchange, and twisting does not
have an additional impact on the QSL. Therefore, we can

https://doi.org/10.1021/acs.nanolett.3c04084
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Figure 5. Magnetization texture of 2g-2q for L = 30q, and J,(0) =
0.2 meV. Magnetization texture is shown for 2 x 2 moire unit cells.

conclude that twisting has an overall negative impact on the
zigzag order and therefore tilts the scale toward the QSL on
the competition between these two phases.

In conclusion, we have shown that the interplay of the
stacking-dependent interlayer exchange and twist angle can
play an important role in determining the magnetic phases of
/-RuCl,. In particular, we demonstrate that the single-domain
1g-1q zigzag order can be taken over by multi-g patterns in
order to minimize the interlayer exchange energy. These
phases appear at small twist angles and can be used as a new
route to introduce additional frustration and tune the magnetic
phases in /-RuCl,. Interesting future directions include
estimating the magnon spectrum in multi-g orders and
incorporating substrate elects.
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