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Monolayer chromium-trihalides, the archetypal two-dimensional (2D) magnetic materials, are
readily suggested as a promising platform for high-frequency magnonics. Here we detail the spin-
wave properties of monolayer CrBrs and Crls, using spin-dynamics simulations parametrized from
the first principles. We reveal that spin-wave dispersion can be tuned in a broad range of frequencies
by strain, paving the way towards flexo-magnonic applications. We further show that ever-present
halide vacancies in these monolayers host sufficiently strong Dzyaloshinskii-Moriya interaction to
scatter spin-waves, which promotes design of spin-wave guides by defect engineering. Finally we
discuss the spectra of spin-waves propagating across a moiré-periodic modulation of magnetic pa-
rameters in a van der Waals heterobilayer, and show that the nanoscale moiré periodicities in such
samples are ideal for realization of a magnonic crystal in the terahertz frequency range. Recalling
the additional tunability of magnetic 2D materials by electronic gating, our results situate these
systems among the front-runners for prospective high-frequency magnonic applications.

1. INTRODUCTION

Two-dimensional (2D) magnetic materials, such as mono-
layer chromium trihalides and manganese dichalco-
genides, have recently drawn immense attention of both
theoretical and experimental research, due to their fun-
damental significance and promising technological ap-
plications. The high tunability of the magnetic inter-
actions in such materials, e.g., by lattice straining'?,
electronic gating®?, and layer stacking® ”, among other
techniques, directly leads to manipulation of magnetic
textures, such as domain-walls, spin-waves (SWs) and
magnetic skyrmions, thus opening a range of possibili-
ties for novel device concepts®. Arguably, the largest im-
pact of these manipulations can be realized in the field of
magnonics, considering that magnons have been readily
detected in atomically-thin chromium tri-iodide®, with
documented spin-wave modes even in terahertz frequen-
cies'?. Further advances on that front would make 2D
magnetic materials the prime candidates for ultra-fast
information transport and processing based on magnon-
ics.

In a chromium trihalide monolayer CrXsz (with X =
I, Br or Cl), Cr atoms form a planar honeycomb struc-
ture sandwiched between two atomic planes of the halo-
gen atoms, as illustrated in Fig. 1. In the case of Crls
and CrBrs the ferromagnetic super-exchange across the
Cr-X-Cr bonds is strongly anisotropic due to spin-orbit
coupling (SOC) contribution of the halide atoms, which
together with the weak single-ion anisotropy of Cr results
in a ferromagnetic order with off-plane easy axis'!!2.
On the other hand, CrCls monolayers present negligi-
ble magneto-crystalline anisotropy (MCA), that can be
overcome by the weak magnetic shape anisotropy induced
by the magnetic dipole interaction (usually negligible in
cases where strong MCA dominates), thus resulting in an
easy-plane magnetic polarization'3. In that case, the in-

plane anisotropy produces residual symmetry that gen-
erally prohibits the formation of long-range spontaneous
magnetic order at non-zero temperatures, favoring the
formation of domains or vortex-structures rather than
the uniform ferromagnetic state'4. Therefore, unless the
system is subjected to a bias magnetic field, the nonuni-
form magnetic states of CrCls can be detrimental to the
propagation of spin waves.

Therefore, in this work we focus our investigation on
the SW propagation in monolayer CrBrs and Crlz as
exemplary 2D magnetic chromium trihalides with spon-
taneous long-range ferromagnetic order. We obtain all
relevant magnetic parameters from first-principle calcu-
lations on the considered structures’'®, and perform
spin-dynamics simulations of the SW propagation. We
proceed to calculate the SW dispersion relation in the
chromium trihalides under strain, revealing the tunabil-
ity of magnonic behavior by strain-engineering. Notice
that in addition to the symmetric exchange, the an-
tisymmetric exchange, also known as the Dzyaloshin-
skii-Moriya interaction (DMI), can be awaken in mono-
layer magnets with any structural or electronic asym-
metry seen by Cr atoms, such as present in e.g. Janus
monolayers'® or in applied electric field'”'®. In that con-
text, we analyse the role of ever-present lattice defects
(halide vacancies) in considered monolayers, usually as-
sumed detrimental for the spin-wave propagation. We
show that such lattice defects induce local DMI, which
can indeed strongly affect the SW dynamics, but can be
proven useful rather than detrimental — for example, a
tailored pattern of defects can confine the SWs and serve
as a SW guide. Finally, we report the spectra of SWs
propagating across periodic modulation of the magnetic
parameters, induced by the moiré pattern of a van der
Waals heterobilayer!?2°. We show that such samples,
readily made experimentally, can function as a magnonic
crystal?! for the high-frequency SWs, exhibiting band
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FIG. 1. (a) Top view of the CrXs lattice. fi; and fa represent
the main symmetry axes discussed in Sec. 3. (b) Side view of
the CrXs monolayer.

gaps of propagating SW frequencies. Coupled to the wide
range of manipulations available in 2D materials, our re-
sults clearly indicate a number of promising directions
for terahertz magnonics in magnetic monolayers.

2. ATOMISTIC SPIN SIMULATIONS

In the simulations we consider a spin system arranged in a
honeycomb structure in order to mimic the magnetic mo-
ments of Cr atoms in the chromium trihalide monolayer.
To reduce the magnetic behavior of the entire monolayer
to just the simulation within the Cr plane is made possi-
ble by ab initio parametrization of microscopic magnetic
interactions for different considered cases, done according
to Refs. 1 and 15, where we performed ab initio four-state
energy mapping (4SM) based on density functional the-
ory (DFT) calculations. For more details on the method
we refer to Ref. 22.

In the spin simulations we consider the quadratic
Heisenberg spin Hamiltonian, given by

H= ;;sijﬁsj +zi:siAisi. (1)

Here J;; and A; are the exchange and single ion
anisotropy (SIA) matrices, respectively, and S; =
(S%,5¢,5%) is the spin vector at the i*® site. We con-
sider S = 3/2 for the Cr3* ions, with 3 unpaired valence
electrons and quenched orbital moment (L = 0), which
yields a magnetic moment of ~ 3up per Cr atom, in
agreement with the experimental observations!!12:22-24,

The sum over ¢ in Eq. (1) runs over all Cr sites, while
the sums over 7, j run over all nearest-neighbor Cr pairs.
The exchange matrix can be further decomposed into a
symmetric exchange J and the antisymmetric DMI vec-

tor D. The Hamiltonian then becomes

1 o B8 oB
H :§; [JaSi S¢ + J582 ST + 1,875]

20 (A (S5 + A (57 + Ay (5777

where {af~v} and {a/B’y'} are the local bases of eigen-
vectors that diagonalize J and A, respectively, with
(Ja, J3, Jy) and (Aqr, Agr, A,) the corresponding eigen-
values. S} = ‘l‘lsu is the projection of the i*" spin along
the vector u. For simplicity, and since in this work we are
interested in high frequency SWs dominated by the short-
range exchange interactions, we neglect the contributions
of dipole-dipole interactions. In addition, in Sec. III of
supplemental material?® we provide an extended discus-
sion on how the magnetic shape anisotropy induced by
dipolar interactions is suppressed by the strong magneto-
crystaline anisotropy in the case of Crl and CrBrs mono-
layers. Notice that the above Hamiltonian is not limited
to isotropic exchange interactions, and can be applied to
different atomistic structures, e.g. including lattice de-
fects where the bases of eigenvectors can change for spe-
cific bonds. For either considered structure, correspond-
ing exchange matrices for different Cr pairs are obtained
from first principles calculations. Table I lists the mag-
netic parameters obtained for pristine Crlg and CrBrg
monolayers. Parameters obtained for other specific cases
considered in this paper will be shown where needed. It
is worth mentioning that in our calculations we consider
free-standing monolayers, and that the calculated mag-
netic parameters might be affected by interaction with
a substrate. For example, the interaction with a heavy-
metal substrate (with strong spin-orbit coupling) could
give rise to DMI. However, in case of weak interaction be-
tween the magnetic monolayer and the substrate (such as
Si/SiO2 or hBN), the calculated parameters will not be
significantly affected.

To simulate the magnonic behavior, we resort to
spin dynamics captured by the Landau-Lifshitz-Gilbert
(LLG) equation

891 Y Q € Q S ¢
5 =y S BT+ a8 x (S BE),
(3)

where 7 is the electron gyromagnetic ratio, « is the damp-
ing parameter, x is the magnetic moment per Cr atom,
and BT = —9H/0S; is the effective field. In this work,
the LLG spin dynamics simulations are primarily based
on the simulation package Spirit2®, adapted to accom-
modate our (Kitaev) Hamiltonian [Eq. (2)].




par  J° W J¢ g0 T "
(-7) (meV) (meV) (meV) (meV) (meV) (meV)

Cr13
(1-2) -5.10 -3.72 -4.63 0.00 0.00 0.84
(2-3) -4.07 -4.76 -4.63 -0.60 0.72 -0.42
(2-5) -4.07 -4.76 -4.63 0.60 -0.72 -0.42
(J) 441 -441 -463 0.00 000 0.00
CrBr3
(1-2) -345 -3.29 -342 0.00 0.00 0.10
(2-3) -3.33 -3.41 -342 -0.07 0.08 -0.05
(2-5) -3.33 -341 -3.42 0.07 -0.08 -0.05
(J)y -3.37 -3.37 -3.42 0.00 0.00 0.00
A A**
(meV) (meV)
Crls -0.22 -0.07
CrBrs -0.04 -0.01

TABLE I. Magnetic parameters for pristine Crls and CrBrs
obtained from first-principle calculations [see Ref. 1 for de-
tails]. J**, JYY, and J** are diagonal elements, and J*¥ =
JYE JTE = J** ) JY% = J*Y the off-diagonal elements of the
exchange matrix. (J) is the average exchange over the three
nearest-neighbour pairs and A = (J**) — (J*%)

is the out-of-plane anisotropy. 4** is STA parameter, same

for each Cr site. Pairs (i-j) are indicated in Fig. 1 (a).

3. STRAIN-TUNABLE SPIN-WAVE
PROPAGATION IN CRX3 MONOLAYERS

The magnetic interactions in 2D materials are very sen-
sitive to any deformation in the atomic lattice. In par-
ticular, it has been shown that exchange interactions in
Crl3 and CrBrj are significantly affected by either ten-
sile or compressive strain!. Therefore, in this section, we
discuss how straining the material can affect the prop-
agation of SWs in magnetic monolayers. For the sim-
ulations, we consider both CrBrs and Crlz monolayers
in their pristine form, as well as under uniform biaxial
strain. The SW beams are artificially created by a sinu-
soidal in-plane oscillating field Binpus = bo sin(2m fint)l%
applied in a narrow rectangular region (referred to as
antenna)?™2® of 40 x 5 nm??, where f;, is the input fre-
quency, by the field amplitude, and k the SW propagation
direction. In the simulations we consider a supercell of
256x256 unit cells of the material at hand, by = 0.1 T
and damping parameter v = 0.001 (well within the range
of 1074-1072 reported in literature for similar materi-
als3%). Periodic boundary conditions are applied in the
two dimensions. The SW frequency f and wavelength A
are calculated by fitting a sine function to the magnetiza-
tion oscillations [see e.g. Fig.2 (a)] as a function of time
and space respectively. Fig. 2 (b,c) shows the dispersion
relation, i.e., the relation between the SW frequency and
the wavenumber k& = 27/ for CrBrs and Crls, respec-
tively, obtained for materials under different strain (e).
Note that in atomically thin films, the magnon states
are discretized in modes that indicate the coherence of
spin precession along the atomic layers®'. The mode in

which spins precess in-phase, called n = 0 mode, is the
lowest-energy one. Since in the present work we con-
sider monolayer systems, only the n = 0 mode is studied.
One should notice that high-energy (out-of-phase) sur-
face modes have also been reported for zero-momentum
(k = 0) spin-waves in CrI3!?, but such modes are not
considered in the present work, as a nontrivial excita-
tion method would be required instead of the considered
antenna. Notice that the SW dispersion can be tuned
throughout a wide range of frequencies by straining the
honeycomb structure, which actually demonstrates the
ease of tuning magnonics in such 2D materials. Solid
lines in Fig. 2 (b,c) depict the fit of the quadratic ex-
pression f(k) = Ak* + fo to the numerical data. The
values of the fitting parameters A and fj as a function of
strain are shown in Fig. 2 (d). One can clearly notice the
distinctly different response of the parameter fy, which
corresponds to the zero-momentum SW mode, to strain
in CrBrs and Crl3. As discussed below, this behaviour is
directly related to the out-of-plane exchange anisotropy,
whose magnitude for Crlz increases for either tensile or
compressive strain, while for CrBrs it changes linearly
with strain [see, e.g., Fig S1 in the supplemental mate-
rial?®]. The corresponding energy gap at k = 0, given
by AFE = hfy, where h is the Plank constant, varies in
the range of 1.25 to 1.74 meV for Crls and from 0.18 to
0.36 meV for CrBrs, under the —5 to 5 % range of strain.
Those values have the same order of magnitude, but are
significantly smaller than those measured for the case of
few layer Crls in Ref. 10 (9.4 meV) and Ref. 32 (3 meV).
Despite this quantitative discrepancy, we expect that the
here reported strain engineering of spin-wave excitations,
manifesting differently in different Cr-trihalide monolay-
ers, can be validated by experimental techniques'®-31-34,

The SW dispersion can be obtained analytically in the
limit of small SW amplitude by solving the linearized
LLG equation®®. For that purpose, let us simplify the
Hamiltonian [Eq. (2)] as follows. First notice that, due to
the symmetry of the lattice, the DMI contribution is an-
nulled, and the only nonzero term of SIA matrix is A%#,22
such that the SIA contribution to the energy of the i*"
spin becomes A**(S7)?. Assuming that both CrBrz and
Crl3 have strong out-of-plane anisotropy, the exchange
energy can be rewritten in terms of an isotropic exchange
Jo = (J**), and the anisotropic term A = (J**) — (J**),
where (...) represents the average over the three nearest-
neighbour pairs. The lattice symmetry guarantees that
(JY9) = (J**) = Jy and (J%®) = 0 for a # b [see, e.g., Ta-
ble I]. The Hamiltonian for the i*" spin takes the simple
form of the XXZ model*!-36:37

Hi=Jo S 885+ AN SEST 4 ARSI, (1)
j J

where the sum in j runs over the three nearest-neighbours
of the " spin. The SW dispersion is_then calculated
by assuming the linearized solution S* =~ 1, S* =~
Ape'kr—wt) and §Y ~ jAge!* Tt where Ay < 1 rep-
resents the SW amplitude; w is the SW angular frequency



and r is the position of the considered spin. Substituting
that into the LLG equation [Eq. (3)], with the effective
field derived from Eq. (4), we obtain?®

I &
w(k) = T gayy BA +247 + Jg®)], - (5)
with
g(k) =3 — cos(ka) — 2cos(ka/2), if k| ny,
g(k) =2 — 2cos(kav/3/2), if k| g,

where a is the distance between nearest-neighbour pairs,
and n; and Ny are the main symmetry axis of the hon-
eycomb lattice, as shown in Fig. 1.

Notice that in the limit of small ka Eq. (6) can be
approximated as g(k) = %kQ for both k || n; and
k || ny. The SW frequency f = w/27 then assumes
quadratic dependence on the wavenumber k. The solid
and dashed lines in Fig. 2(d) show the analytical solu-
tions (with a? < 1) for the zero-momentum SW fre-

quency fo = %(3A + 2A4%%) and the quadratic coeffi-

cient A = % 3“2"“, respectively, which are in very good
agreement with the numbers obtained in the simulations.
The values of A, A** and J; as a function of strain are
shown in Fig. S1 of the supplemental material?®>. One
thus concludes that the XXZ model [Eq. (4)] is a suitable
approximation to describe properties of SWs in uniform

Crl3 and CrBr3g 2D magnets.

In the case where the CrXgs lattice experiences non-zero
DMI, such as in Janus structures'® or in the presence of
out-of-plane applied electric field'”'8, the linearized so-
lution for the SW dispersion [Eq. (5)] results in an ex-
tra term that has linear dependence on the wavevector
k.38 The contribution of DMI to the SW dispersion de-
pends on the angle between the DMI vector and the axis
around which the spins rotate, and the strongest effect is
observed when the magnetization lies in the same plane
as the DMI vectors. Details on the calculation of SW
dispersion in presence of uniform DMI are provided in
the supplemental material?®.

It is worth mentioning that, in the case of CrCls mono-
layer, the very weak SOC enables magnetic phase transi-
tions when the system is subjected to strain [e.g., in our
calculations we have observed a change in the preferen-
tial magnetic polarization from in-plane to out-of-plane
direction when tensile strain (e > 3%) is applied, and a
transition between ferromagnetic and antiferromagnetic
exchange coupling for compressive strain (e < —4.6%),
see Fig. S2 (a-b) in the supplemental material?®]. How-
ever, for small values of either tensile or compressive
strain (|e| < 3%) we verified that the SW dispersion can
be tuned in a similar way to that observed in Crls and
CrBrs, as shown in Fig. S2 (c) in the supplemental ma-
terial?®.
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FIG. 2. (a) Temporal evolution of the spin components for
the case of a 1 THz spin wave. The Sy spin component is
vertically shifted for better visualization. (b,c) Spin-wave dis-
persion relation obtained in the simulations for CrBrs (b) and
Crls (c), under different strain e. Solid lines show the numer-
ical fit to the quadratic expression f(k) = Ak* + fo. (d)
The values of the fitted parameters A and fo obtained as a
function of strain. Solid and dashed lines are the analytical
expressions (obtained from Eq. (5)) for fo and A, respectively.

4. FLEXO-MAGNONICS

The strong response of SW properties to strain in the
2D material suggests the possibility of flexo-magnonic ap-
plications. In fact, 2D materials are mostly very flexi-
ble and can be strain engineered in a multitude of ways.
For example, localized strain can be induced by growing
the 2D material on top of a patterned substrate3?°, or
by placing it onto elastometric or piezoelectric substrate,
whose compression may lead to wrinkling and buckling of
the 2D material*® 2. In addition, bubbles and tents can
be formed in the 2D material by trapping water, gas or
solid nanoparticles at the interface between the magnetic
monolayer and the substrate®344,

To exemplify the interaction of SWs with such local-
ized heterostrained structures we simulate the interaction
of a propagating SW with a wrinkle in the Crls mono-
layer. Fig. 3(a) illustrates the considered system. In such
a configuration, the position of a generic Cr atom in the
curved monolayer can be parametrized as r' = r + u(r),
where r = (z,y,0) is the atom position in the pristine
(flat) lattice and u(r) = (ug(r), uy(r), h(r)) the position
displacement. Here, u, and u, represent the in-plane
displacement and h(r) is a scalar field accounting for
out-of-plane deformations. The red and blue shades in
Fig. 3 (a) illustrate the expected regions of tensile and
compressive strain respectively?®. In addition to the local
strain, the curvature also induces a rotation in the direc-
tion of the magnetic anisotropy, which points orthogonal
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material, while the magnetic anisotropy remains orthogonal to the monolayer surface. Here, the red shade shows tensile strain
and the blue shade represents the compressive strain. (b) Illustration of the DMI pattern expected in the case of nonuniform

strain in the CrXs monolayer'®

. (c) Snapshot of the simulated magnetic ground state around a wrinkle in the 2D material.

Dashed lines indicate the maximal vertical slope in the 2D material. (d-e) Snapshots of simulated SW propagation (d) across
and (e) along a wrinkle in Crls, with f = 0.5 THz. (f) Snapshot of the SW simulation corresponding to (e), but for pristine

(flat) monolayer. Scale bars correspond to 30 nm.

to the surface of the magnetic film [Fig. 3(a)]. Moreover,
due to the non-uniform deformation, the corresponding
symmetry-breaking gives rise to localized DMI'. Fig-
ure 3(b) illustrates the expected DMI configuration in
the case of a non-uniform uniaxial strain in the wrinkled
CrX3 monolayer. DFT calculations show that the DMI
increases linearly with local uniaxial strain, with rela-
tively small magnitude of up to D = 0.08 meV for 6% of
local strain'®.

First-principles calculations of such a curved structure
are very challenging, requiring relaxation of the atomic
structure over a large area before calculating locally the
magnetic parameters for a number of distinctly differ-
ent Cr-Cr pairs due to heterostraining. Instead, as a first
step in understanding the interaction of SWs in such sys-
tems, here we model the material curvature by rotating
the local bases of eigenvectors of the magnetic Hamil-
tonian [Eq. (2)] accordingly to the surface normal, and
vary the magnitude of interactions accordingly to the lo-
cal strain profile of the curvature. Note that the con-
sidered magnetic Hamiltonian is completely determined
by the exchange and anisotropy matrices and the an-

gle between neighbouring spins, therefore, local defor-
mations can be modeled by correspondingly modifying
the interaction matrices and precise atomic positions do
not play a role. Fig. 3(c) shows the magnetic ground
state obtained in such simulatior;s for a single wrinkle

of Gaussian shape h(r) = hoe”w?, where hy = 20 nm
and w = 15 nm define the height and width of the wrin-
kle, respectively. The considered strain profile has max-
imal deformation of ¢ = 5% on top of the wrinkle*® 7
and satisfies €(z) oc 9%h(r)/0z%. Notice that the curva-
ture induces local canting in the ground-state magneti-
zation and increases spin-stiffness due to emergent DMI.
Fig. 3(d-f) shows snapshots of the simulated propagation
of a 0.5 THz SW (d) across and (e) along the wrinkle,
where the SW can either be reflected by or confined along
the flexed region, respectively, in comparison with the
case of a pristine (flat) sample (f). Recalling the wide
range of possibilities for nanoengineered manipulation of
2D materials, this basic example suffices to promote ideas
towards flexo-magnonic applications. Moreover, we have
not observed any significant frequency dependence (for
the range 0.3 — 1.5 THz) in the results presented in this
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section.

5. SCATTERING OF SPIN-WAVES ON
LATTICE DEFECTS

Vacancies are the most commonly observed defect in 2D
materials. They are not only an unwanted product of
synthesis or manipulation of the sample, but can also
be deliberately artificially induced by vacancy engineer-
ing*®49. In this section we therefore investigate the in-
teraction of SWs with such defects (halides vacancies)
in CrXj3 lattice. The local breaking of the inversion

| y=100 nm

E. (0.6 4 == Reference —
|- Crly
—e— CrBry

| - Crly | 0
—e— CrBr; At

A : : . .
0.00 0.01 002 0.03 50 100 150 200
n y [nm]

FIG. 5. (a) The normalized transmission of SWs as a function
of the density of defects, 1, measured at a distance of y =
100 nm from the SW source, with f = 0.5 THz. (b) SW
transmission as a function of the distance to the output, for
n = 0.01 and f = 0.5 THz. Here, the transmission amplitudes
are normalized with respect to the case of n = 0, measured at
the same distance from the SW source.

symmetry seen by Cr atoms in the vicinity of the lat-
tice defect results in appearance of DMI, as shown in
Fig.4(a). It is well known that SWs are strongly affected
by the DMI interaction and can even be controllably re-
fracted/reflected at an interface where DMI changes®%:5!.
In the case of lattice defects, ab initio calculations reveal
DMI vectors of magnitudes up to D = 4.69 meV for Crlg
and D = 2.60 meV for CrBrj in the vicinity of halide va-
cancies'®. One thus expects pronounced effects of such
strong variations of the local magnetic interactions on
the SW propagation in the 2D magnetic materials.

To start with, we consider the scattering of SWs in
CrBrs and Crlz with different density of randomly dis-
tributed halide vacancies 1 (density expressed as the
number of vacancies per Cr atom). The used magnetic
parameters, as obtained from first-principles calculations,
are listed in Table IT and in the supplemental material®®.
Fig. 4(b-d) shows the snapshots of simulated SW prop-
agation through the Crls monolayer for n = 0, 0.01 and
0.02, respectively. The corresponding output SW ampli-
tudes, measured at a distance of 100 nm from the SW
source [Fig.4 (e-g)], reveal that the transmitted wave is
strongly affected in the case of high density of defects.
In order to quantify and compare the SW transmission
for different defect densities, we integrate the output SW
amplitudes along the direction perpendicular to the SW
propagation and normalize it with respect to the case
without defects, i.e., for n = 0. Fig. 5 (a) shows such
normalized transmission for the 0.5 THz SWs in CrBrg
and Crls. Notice that SWs in Crl3 are more affected by
the halide vacancies when compared to CrBrs. We relate
this property to the large DMI interactions induced in
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FIG. 6. (a) CrXs lattice with a line of halides vacancies. Induced DMI vectors are illustrated as red arrows. (b) Reflection of
a SW by a defect line shown in (a). Snapshot captures a spin-wave of frequency 0.5 THz reaching the defect line in Crls under
an incident angle of ¢ = 7/4. Arrows indicate the SW propagation direction. (c-d) Transmission and reflection coefficients as a
function of the incident angle ¢ for CrBrs (c¢) and Crls (d), obtained for SW frequency f = 0.5 THz and damping a = 0.001. (e)
Frequency dependence of the transmission coefficient 7" for both CrBrs and Crls at fixed incident angle ¢ = 7 /6. (f) Snapshot
of the simulations for the SW confinement between two realistically broadened defect lines in the magnetic 2D material.

Crlg, which are approximately twice as large as in the section.

CrBr3 sample, predominantly due to stronger spin-orbit

coupling on iodine compared to bromine.

Scattering on defects, as shown in Fig. 4, especially 5.1. Defect-engineering of magnonic circuitry
over large distances, must clearly be taken into account
when designing novel magnonic devices based on 2D ma-  As demonstrated above, the induced strong variations in
terials. Therefore in Fig. 5(b) we show the SW trans-  magnetic parameters around the lattice defects strongly
mission as a function of the output distance, normalized  affect the SW propagation. Therefore, a designed pat-
with respect to the case of n = 0, measured at the same tern of defects, such as a chain of adjacent defects, may

distance from the SW source. Notice that the normal-  be able to e.g. confine the SWs and serve as a waveguide.
ized transmission decreases quasi-linearly as a function of ~ To illustrate this point, we investigate the interaction of
the output distance, where the transmission in Crl3 de-  SWs with a row of consecutive halide vacancies in CrX3
creases at approximately twice higher rate than in CrBrsg, lattices, as a possible way of controlling the SW' propa-
for n = 0.01, thus again reflecting the stronger response  gation direction in magnetic 2D materials.

of SWs to defects in Crlz. Finally we note to not have The emergent DMI in the considered structure, as il-

observed any significant frequency dependence (for the lustrated in Fig. 6(a), is similar in magnitude to DMI
range of 0.3 to 1.5 THz) in the results presented in this found in the vicinity of isolated defects. The exact val-



ues are listed in Table II for comparison, while complete
exchange matrices are provided in the supplemental ma-
terial?>. Fig. 6(b) shows a snapshot of the simulation for
a SW directed across the defect line in Crlz, where we
consider a 0.5 THz SW reaching the defect line under
an incident angle of ¢ = 7/4. Notice that only a small
fraction of the SW is able to cross the defect line while
the major part is reflected. In Fig. 6(c-d) we show the
transmission coefficients, defined as®2:%3

Ar\® AR\’

r—(3) m=(5) ™
where A7 and Ag are the amplitudes of the transmitted
and reflected waves, respectively, and Aq is the corre-
sponding SW amplitude in the absence of defects, cal-
culated at the same distance from the SW source. The
reflection and transmission coefficients are defined to sat-
isfy the relation R =1 —T. In Fig. 6(c-d) the transmis-
sion and reflection coefficients are shown as a function of
incident angle ¢ for CrBr; [Fig. 6(c)] and Crls [Fig. 6(d)].
Notice that SWs experience stronger reflection by the de-

Isolated defect
pair D® DY D* |D|
(-j) (meV) (meV) (meV) (meV)

CI‘I3

(1-2) 029 -0.20 -0.53 0.64
(2-3) 4.05 -2.33 -0.39 4.69
(2-5) 0.17 0.09 -0.46 0.50
(3-4) 0.01 0.11 -0.06 0.12
(3-6) 0.01 -0.38 0.19 0.42

CrBrs3
-2) -0.05 -0.13 0.26 0.29
- 2.24 -1.31 -0.08 2.60
-0.04 0.07

0.02 0.03 0.07 0.08

-0.14 0.07 0.18

(1-2)

(2-3)

(2-5) 0.00 0.06
(3-4)

(3-6) -0.09

Line of defects
pair D? DY D? |D|
(-j) (meV) (meV) (meV) (meV)

CI‘Ig
(1-2) 001 -043 0.06 0.44
(2-3) -0.05 -0.55 2.42 2.48
(2-5) 3.61 -0.27 4.23 5.57
(3-4) -0.09 0.03 -0.23 0.25
(3-6) 3.61 -0.27 4.23 5.57
CrBrs

(1-2) 0.00 -0.09 0.01 0.09
(2-3) 0.12 0.14 047 0.50
(2-5) 2.09 -0.02 1.50 257
(3-4) -0.04 -0.03 0.01 0.05
(3-6) 2.09 -0.02 1.50 2.57

TABLE II. Induced DMI parameters at an isolated defect
(halide vacancy) and at a line of such defects in Crls and
CrBrs, obtained from first-principle calculations'®. The com-
plete exchange matrix for both cases is provided in the sup-
plemental material?®. Pairs (i-j) are indicated in Fig. 4 (a)
and Fig. 6 (a).

fect line in Crl3 while most part of the SW is transmitted
across the vacancy defect line in CrBrs. Once again we
relate this property to the larger DMI induced at defects
in Crls. Similar to an interface where DMI changes®?, the
reflection is enhanced with increasing the incident angle
from ¢ = 0 towards ¢ = 7/2. However, total reflection
is not found in our simulations, which is due to a finite
cross-talk of spins on two sides of the defect line, where
DMI is not present, which is different in the case of a
DMI interface. Fig. 6(e) shows the frequency dependence
of the transmission coefficient T" for both CrBrsz and Crlg
for a fixed incident angle ¢ = /6, which shows a weak
increase of transmission with increasing SW frequency.

Of course, such a precise pattern of defects is unlikely
to be reproduced experimentally by vacancy engineering
in a 2D material*®*°. However, a broadened defective re-
gion can also be made useful in a similar sense, even if in-
duced by e.g. low-energy electron-beam*® or by “scratch-
ing” the material with a scanning tip. To illustrate such
a case, in Fig. 6(f) we show the snapshot of the simula-
tion for the SW propagating in Crls, across a distribu-
tion of defects, randomly placed along 5 nm wide stripes,
roughly mimicking surface scratches on the magnetic 2D
material. Notice that such a pattern of defects can also
confine the SWs, and can be engineered to (de)stimulate
self-interference patterns, or control interactions of two
incoming spin-waves. The key ingredient for confining
and controlling the SWs remains the local variation of
the magnetic parameters, which can also be induced by
electric gating!” or strain-engineering the 2D material,
as demonstrated in Sec. 4, albeit on a significantly larger
scale than what is offered by defect engineering.

6. MOIRE VAN DER WAALS MAGNONIC
CRYSTALS

Magnonic crystals are artificial materials designed in such
a way that the magnetic properties of the media are
characterized by a periodic lateral variation?!. The SW
spectra in such materials exhibit features such as band
gaps of wavelengths that are not allowed to propagate,
which is useful for magnonic filters as well as informa-
tion transport and processing based on magnons. Pe-
riodic variations of the magnetic parameters in the 2D
magnetic materials can be induced in multiple ways, for
example, by periodic electric gating®, strain engineer-
ing#0:4244 by growing the 2D material on top of a pat-
terned substrate3?, or by inducing a checkerboard buck-
ling of the monolayer®®. However, a magnonic crystal for
THz frequencies requires a modulation period of just a
few nanometers®? [see SW dispersion relation in Fig. 2],
which is beyond the ability of the fabrication methods
mentioned above. Instead, we propose here to employ a
moiré pattern in a van der Waals (vdW) heterobilayer
as the source of the periodic modulation in magnetic pa-
rameters for the design of magnonic crystals in the high-
frequency regime. It is readily established that a moiré
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FIG. 7. Example of a moiré magnonic crystal. (a-b) Illustration of a CrBrs/MoSes vdW heterobilayer, viewed from the side
(a) and the top (b). (c) moiré pattern created between adjacent Br and Se sublayers. (d) Corresponding DMI profile emerging

in the Cr sublayer from the moiré pattern shown in (c).

Here, §1 and d2 denote the two main periodicities of the system.

(e) Simulated SW transmission spectra after passing through the moiré magnonic crystal (with maximal DMI of 3 meV), in
comparison with the reference waveguide (pristine film), where we consider the incident SW propagating along the J; direction.
Black arrows indicate the critical frequencies where SWs suffer destructive interference.

pattern can induce periodic variation in the magnetic pa-
rameters of a 2D material'®20. Therefore, let us consider
the case where the CrXs monolayer is stacked on top of
another, non-magnetic material, in order to produce a
moiré pattern. For instance, we consider the vdW heter-
obilayer CrBrs-MoSes, as illustrated in Fig. 7(a,b). The
superexchange interaction between Cr atoms, mediated
by the Cr-Br-Cr bonds, will be affected by the Br-Se in-
teraction at the interface between monolayer constituents
of the heterobilayer, which in turn varies with the local
stacking throughout the moiré pattern. In other words,
the periodicity of the moiré structure is directly reflected
in a periodic modulation of the resultant magnetic pa-
rameters. Fig. 7(c) shows the moiré pattern created be-
tween the Br sublayer (a trigonal lattice with lattice con-
stant ap, = 3.698 A) and the Se sublayer (a trigonal
lattice with lattice constant age = 3.289 A)%6. Here the
symmetry axes of the two lattices are considered to be
aligned, which corresponds to an angle of 30° between
CrBrs and MoSe, supercells®”. The mismatch in the lat-
tice constants creates the moiré pattern with two charac-
teristic periodicities of §; =~ 5.13 nm and d2 ~ 2.96 nm, as

indicated in Fig. 7(d). Such short periodicities found in
the moiré heterostructures are, therefore, capable of in-
teracting with high frequency SWs and can be adjusted,
for example, by fine interlayer twisting, or replacing the
MoSes layer with a 2D material with a different lattice
constant and/or different lattice symmetry.

Therefore, in the present case the interaction between
Br and Se atoms breaks the inversion symmetry seen by
the Cr sublayer where magnetism resides, and signifi-
cantly affects the superexchange owing to the strong spin-
orbit coupling in MoSe5°®5?. As a result, one can expect
a periodic modulation in the DMI parameter through-
out the magnetic layer, directly mapped on the moiré
pattern between Br and Se sublayers. As a first step in
understanding the magnonics in such a complex system,
and considering that DMI has the main impact on SWs,
we will consider a moiré periodic modulation only in the
DMI parameter, and assume the other magnetic param-
eters in CrX3 monolayer remain unchanged by vdW het-
erostructuring. Fig. 7(d) shows the used DMI profile,
reflecting the moiré pattern, according to the expression
D = Dgexp(—Vr?2+d?/rg), where r is the lateral dis-
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FIG. 8. (a-b) Snapshots of SW simulation for the 0.5 and 0.65 THz SWs propagating across the moiré pattern for the same
period of time. The incident SW propagates parallel to the 41 direction. (c¢) Snapshots of the SW simulation for the 0.4 THz SW
propagating across the moiré pattern, after being emitted in a radially symmetric fashion from a point source. SW propagation
is clearly prohibited along the ¢; directions, but remains enabled along the d2 direction. Scale bars correspond to 15 nm.

tance between Br and Se atoms, d = 3.5 A is the separa-
tion between the layers®” [see Fig. 7 (a)] and Dy and r
are constants that define the DMI magnitude. Here we
consider Dy = 3 exp(d/rg) meV and rg = 0.2 A, such that
the maximum magnitude of DMI is 3 meV. The small
value of ry reflects the short range interaction between
neigbouring orbitals, such that the maximal interaction
is given when Se atoms are on top of Br ones. Notice that
a SW propagating in such a system will experience differ-
ent periodic modulations, depending on the propagation
direction, with respect to the two main periodicities in
the system ¢; and dy [cf. Fig. 7(d)].

Fig. 7(e) shows the simulated SW transmission spec-
trum of the moiré magnonic crystal described above, in
comparison with the reference waveguide (pristine CrBrj
monolayer), where we considered the incident SW propa-
gating parallel to the d; direction. Notice that the trans-
mission spectrum of the moiré system significantly differs
from the pristine medium, as three distinct valleys of pro-
hibited magnon frequencies are visible. Such a spectrum
is typical of magnonic crystals®!. Fig. 8(a-b) shows the
snapshots of SW simulation for the 0.5 and 0.65 THz
SWs propagating across the moiré DMI pattern, where
in the latter case the SWs suffer destructive interference
and do not propagate.

Finally, one notices that the hexagonal symmetry in
the modulation of magnetic parameters results in the
anisotropic dispersion of the spin waves. Fig. 8(c) shows
the snapshots of SW simulation for the 0.4 THz SW emit-
ted radially across the moiré pattern, from a point source.
In this case, SW propagation is effectively blocked along
the d; directions, as expected from the transmission spec-
tra in Fig. 7(e), but remains enabled along the dy di-
rections — demonstrating the anisotropic SW dispersion
characteristic of moiré magnonic systems.

7. CONCLUSIONS

In summary, we demonstrated the versatile and strong
tunability of magnonic behavior in monolayer chromium
trihalides CrBr3 and Crlg as prototypical representatives
of 2D magnetic materials. We revealed that the spin-
wave (SW) dispersion relation can be tuned in a broad
range of frequencies by straining the 2D magnetic mono-
layer, and that the SW dispersion has different response
to strain in CrBrs compared to Crls, which is directly re-
lated to differences in their out-of-plane anisotropy. We
further demonstrated the possibility of controlling the
SW propagation by strain-engineering the 2D material,
paving the way towards flexo-magnonic applications. As
a next step, we discussed the effect of ever-present struc-
tural defects (in this case halide vacancies) on SW prop-
agation in chromium trihalide monolayers. Our calcu-
lations show that such lattice defects induce sufficiently
large DMI to strongly disturb the SW dynamics, espe-
cially in Crl3. However, we also show that a pattern of
defects can be designed favorably for magnonic circuitry,
as extended defect lines are able to confine SWs and may
be useful for SW-guides. Finally, we discuss the spectra
of SWs propagating across periodic modulation of the
magnetic parameters, induced by a moiré pattern in a
van der Waals heterobilayer of a magnetic and a non-
magnetic 2D material. Such moiré heterostructures ex-
hibit the necessary nanoscale modulation period to work
as a magnonic crystal for the terahertz SWs characteris-
tic for CrX3 monolayers. Even though we presented only
a small fraction of possible manipulations of 2D mate-
rials, their pronounced impact on local magnetism and
spin excitations, facilitated heterostructuring, as well as
the ease of employing additional electronic gating and
nanolithography in any desired geometry, promotes mag-



netic 2D materials to the prime echelon of candidates for
terahertz magnonics by design.
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