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ABSTRACT

Domain wall motion is in the core of many information technologies ranging from storage [Beach et al, J. Magn. Magn. Mater. 320,
1272-1281 (2008)], processing [Tatara et al., Phys. Rep. 468, 213-301 (2008)], and sensing [Ralph and Stiles, ]. Magn. Magn. Mater. 320,
1190-1216 (2008)] up to novel racetrack memory architectures [Parkin et al., Science 320, 190-194 (2008)]. The finding of magnetism in
two-dimensional (2D) van der Waals (vdW) materials [Huang et al., Nature 546, 270 (2017); Gong et al., Nature 546, 265-269 (2017);
Guguchia et al., Sci. Adv. 4, eaat3672 (2018); Klein et al, Science 360, 1218-1222 (2018)] has offered a new frontier for the exploration and
understanding of domain walls at the limit of few atom-thick layers. However, to use 2D vdW magnets for building spintronics nanodevices
such as domain-wall based logic [Allwood et al., Science 309, 1688-1692 (2005); Luo et al., Nature 579, 214-218 (2020); Xu et al., Nat.
Nanotechnol. 3, 97-100 (2008)], it is required to gain control of their domain wall dynamics by external driving forces such as spin-
polarized currents or magnetic fields, which have so far been elusive. Here, we show that electric currents as well as magnetic fields can effi-
ciently move domain walls in the recently discovered 2D vdW magnets Crl; and CrBr; at low temperatures and robust down to monolayer.
We realize field- and current-driven domain wall motion with velocities up to 1020 m s~ ', which are comparable to the state-of-the-art mate-
rials for domain-wall based applications [Yang et al., Nat. Nanotechnol. 10, 221-226 (2015); Woo et al., Nat. Mater. 15, 501-506 (2016);
Vélez et al., Nat. Commun. 10, 4750 (2019); Siddiqui et al., Phys. Rev. Lett. 121, 057701 (2018); Ryu et al., Nat. Nanotechnol. 8, 527-533
(2013)]. Domain walls keep their coherence driven by the spin-transfer torque induced by the current and magnetic fields up to large values
of about 12 x 10° A cm ™2 and 5T, respectively. For larger magnitudes of current or field, a transition to a hydrodynamic spin-liquid regime
is observed with the emission of a periodic train of spin-wave solitons with modulational instability [Rabinovich and Trubetskov, Oscillations
and Waves: In Linear and Nonlinear Systems, Mathematics and its Applications (Springer Netherlands, 2011)]. The emitted waveform
achieves terahertz (THz) frequency in a wide range of fields and current densities, which opens up perspectives for reconfigurable magnonic
devices. Moreover, we found that these spin-waves can transport spin angular momentum through the layers over distances as long as 10 um
without losses for the transport of spin information. Our results push the boundary of what is currently known about the dynamics of
domain walls in 2D vdW ferromagnets and unveil strategies to design ultrathin, high-speed, and high-frequency spintronic devices.
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INTRODUCTION

Spin-based applications have been broadly explored for high-
performance solid-state data storage technologies.''” A promising strat-
egy is to encode bits in magnetic domain walls, which can be controlled
via applied magnetic fields and spin-polarized currents.*” Several
approaches for domain wall-based memory devices with a focus on the
domain wall displacement have been developed. From a field-controlled
shift registerw) up to the nonvolatile multi-turn sensors,”. which are
commercially available,”” these emerging technologies provide a new
horizon for advanced materials to be explored. With the discovery of
magnetism in vdW layered compounds” and proof-of-concept devi-
ces””** already showing outstanding progress toward applications, one
of the main challenges is the integration of two-dimensional (2D) mag-
nets in domain wall microelectronic platforms."*'**""

Due to scaling reasons and high-density requirements,”® compet-
itive devices should have narrow domain walls (ideally in the range of
1-10 nm), use out-of-plane magnetic anisotropy materials, and in par-
ticular, for memory devices, develop domain wall velocities of the
order of ~100 m s ' to achieve rapid operating speed on increasing
areal density.*”” Sufficiently low current densities (~10°-10% A cm™?)
are also needed to guarantee low power consumption and to avoid
damage due to Joule heating. However, metallic layers inherently suf-
fer with energy dissipation via the conduction electrons,” which make
magnetic insulators better suited for domain wall applications. There
have been a few reports on the creation of different interfaces using
magnetic vdW materials”**” and heavy metal overlayers (e.g., Pt, Ta),
where spin-transfer torque (SST) arising from charge-to-spin current
conversion can effectively switch the magnetization from one state to
another. Nevertheless, it is unknown how domain walls behave intrin-
sically in 2D magnets as currents and fields are applied directly into
the systems, and how efficient such layered structures would be in
domain-wall based functional devices.

Here, we demonstrate domain-wall motion in monolayer Crl; and
CrBr; by spin polarized currents and magnetic fields in a broad range of
densities (107 — 10° A cm™?) and fields (0.001-2T). Both dynamics
occur over hybrid domain walls with Néel-Bloch characteristics with a
domain wall width of about ~5.30 nm. The spin-torque induced by elec-
tric currents and magnetic fields generates a rapid rotation of the magne-
tization at the domain wall, hence triggering its translational motion at
high velocities. We record speeds of up 1020 and 100 m s~ with current
and field, respectively, while keeping the coherence of the wall profile
through a steady motion. As the domain wall velocity approaches the
maximum spin-wave group velocity, the domain wall motion starts to
exhibit nonlinear effects with the emission of magnons at terahertz (THz)
frequencies following a modulational instability (MI) behavior. Even
though no conduction electrons are present in the medium due to the
insulating characteristics of Crl; and CrBr;, spin-information can be
transported over distances as long as 10 um, which sets a new paradigm
for spin-wave-based technologies at the ultrathin limit.

RESULTS

Our starting point is the investigation of the magnetic domain
structures in monolayer CrBr; and their dynamic evolution under dif-
ferent temperatures and magnetic fields. The domain wall structure of
Crl; and its cooling dynamics have recently been reported using simi-
lar theoretical frameworks.”” We use a large square flake of
0.4 x 0.4 um* to represent a system able to be measured using
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imagining techniques, ie., nitrogen-vacancy scanning magnetome-
try.”' We describe the interactions using the following spin
Hamiltonian:

H = — Z],](S, . S]) — Z/l,,SfS]Z — ZDZ(Sl . e,-)2
ij ij i

~ST KRS8 - S (B4 BP), M
if i

where S; and §; are the localized magnetic moments on Cr atomic sites
i and j, which are coupled by pair-wise exchange interactions. J;; and
/i are the isotropic and anisotropic bilinear (BL) exchanges, respec-
tively, and D; is the single ion magnetic anisotropy. B; and B?P repre-
sent external and dipole magnetic field sources, respectively. Equation
(1) was previously found to describe accurately the magnetic proper-
ties of several 2D magnets’”"” including Crl; and CrBrs. Comparisons
with other spin Hamiltonians, such as Kitaev, bilinear Heisenberg,
Ising, and Dzyloshinskii-Moriya interactions, were undertaken in
Refs. 30 and 32 as well as in their supplementary material. We take
into account up to third nearest neighbors for J;; and 4; in the descrip-
tion of CrBr; in Eq. (1). All the parameters in Eq. (1) are extracted
using highly accurate non-collinear ab initio simulations taking into
account spin-orbit coupling and the Hubbard-U corrected density
functional theory as described in Refs. 30 and 32. We ensure that fine
numerical convergence within 107 — 1078 eV is achieved in each
computed parameter. We also compared the exchange parameters
used in our work with those collected from the literature.”” In the con-
text of the materials studied in our study (monolayer Crl; and CrBr;),
supplementary material Fig. S1 clearly shows that our exchange
magnitudes” reproduce with high accuracy the critical temperatures
measured. Moreover, Eq. (1) provides an accurate description of
the magnon dispersion extracted from inelastic neutron scattering
measurements on Crl;™* as shown in Ref. 32. These results provide a
firm background for the modeling of the domain wall dynamics as
described here.

The fourth term in Eq. (1) represents the biquadratic (BQ)
exchange, which involves the hopping of two or more electrons
between two adjacent sites.” Its strength is given by the constant Kj;,
which is the simplest and most natural form of non-Heisenberg cou-
pling. It has recently been found that several 2D vdW magnets develop
substantial BQ exchange in their magnetic properties, which are criti-
cal to quantitatively describe important features such as Curie temper-
atures, thermal stability, magnon spectra, and non-trivial topological
spin textures.””"*">*® The magnitude of Kj; for CrBrs is 0.22meV,
which is smaller than the BL exchange for the first-nearest neighbors
(J; = 1.66 meV) but still too sizable to be disregarded.”” In our imple-
mentation, the BQ exchange is quite general and can be applied to any
pair-wise exchange interaction of the arbitrary range. Each system is
evolved by solving the atomistic Landau-Lifshitz-Gilbert equation
with a Gilbert damping A = 0.1 to ensure better computational effi-
ciency and numerical stability of the time integration. The value of /¢
is substantially higher than that (2 x 1072) recently measured for a
parent compound”’ (i.e., CrCls), in which a similar magnitude would
be expected for Crl; and CrBr;. The large A also accounts for the pos-
sibility of free-electron doping to raise the conductivity of the system
due to different processes (i.e., dopan'[s,38 electric bias™). Due to the
inclusion of dipole-dipole interactions, we explicitly include non-local
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damping effects in our simulations such as due to domain walls or dif-
ferent magnetic textures. Hence, our spin-dynamics simulations
include an accurate description of the spin-interactions at the atomis-
tic level (2-20 A) in a multiscale framework at the lab scale (a few
micrometers).

Monolayer CrBr; is thermally equilibrated above 40K and then
linearly cooled to 0K in a total simulated time of 4.0ns at different
magnetic fields (Fig. 1 and supplementary material movies S1-S4).
The time evolution of the out-of-plane magnetization M, is utilized to
study the nucleation of the magnetic domains as it determines the
easy-axis throughout the layer. For zero-field cooling (0 mT), magnetic
domains are formed for temperatures below 20 K with the free motion
of the domain walls as the temperature drops [Figs. 1(a)-1(e)]. As the
system reaches 0K, a continuous time evolution of the domain

40 K

ARTICLE scitation.org/journal/are

structures remains, which results in a homogenous magnetization over
the entire crystal (supplementary material movie S1). Even though
thermal fluctuations as well as their contributions to the energy of the
system are inexistent at 0K, other terms, such as dipolar fields,
exchange interactions, and magnetic anisotropy, are still present, fur-
ther contributing to the modification of the magnetic domains. Once
magnetic fields are applied to the nanosheet [Figs. 1(f)-1(t) and sup-
plementary material movies S2-S4], this nucleation-type mechanism
is accelerated with a rapid reversal in the sign of the magnetization M,.
Indeed, a monodomain feature is observed even in fields far below the
coercivity40 (10mT at 5K) for CrBrs. In a scenario where defects or
pinning sites are not present in monolayer CrBr;, magnetic domains
tend to be metastable with a homogeneous magnetization throughout
the surface. This is in sound agreement with recent NV-center

FIG. 1. Magnetic domains at different temperatures and fields. (a)—(e) Dynamical spin configurations of monolayer CrBr; during zero-field cooling (0 mT) at different tempera-
tures. The out-of-plane magnetization M, (a.u.) is used to follow the evolution of the magnetic domains from 40 K down to 0 K. [(f)-(j), (k)~(0), and (p)—(t)] Similar as (a)—(e),
but at magnetic fields of 5, 11, and 50 mT, respectively. Temperatures at the top row correspond to all panels in the same column. Time scale spanned up to 2.5ns till 0K is
achieved. Further evolution is observed at later times as shown in supplementary material movies S1-S4.
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scanning magnetometry measurements’’ on the magnetic domain
evolution of CrBr;, indicating that pinning effects are the dominant
coercivity mechanisms.

Strikingly, the interplay between domain metastability and
high magnetic anisotropy of CrBr; gives additional characteristics
to the domain walls [Figs. 2(a)-2(b)]. We observe that as the spins
vary orientation from one magnetic domain to another, the wall
profile assumes components of the magnetization along different
in-plane directions (M,,) relative to the easy-axis (M.) [Figs.
2(c)-2(d)]. In-plane magnetization M, displays a variation larger
than that for M,, which is mainly noticed at the core of the domain
wall within 1-2.5nm. These features indicate a domain wall with
hybrid characteristics of Bloch and Néel type [Figs. 2(e)-2(f)]. We
can extract the domain wall width oy, , by fitting the different com-
ponents of the magnetization (M, My, M,) to standard equations
of the form™’

ARTICLE scitation.org/journal/are

1
M = ok (m G —jo) /o))’

M, = tanh(n(z — z0)/0,), (3)

with j = x,y, (2)

where j, and z, are the domain wall positions at in-plane and out-of-
plane coordinates, respectively. The domain wall widths are within the
range of oyy, = 5.30 —5.33 nm. Materials with high magnetic
anisotropy generally stabilize such small domain wall widths, but their
magnetic domains are generally stable after zero-field cooling due to
long range dipole interactions. We have checked that the inclusion of
dipolar fields in our simulations do not change the results.

An intriguing question raised by the hybrid features of the
domain walls in CrBrs and Crl;* is the effect of magnetic fields and
electric currents on the motion of domain walls. It is well established
that both driving forces can induce displacement of domain walls in
magnetic thin films over different substrates. Nevertheless, the vdW
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FIG. 2. Hybrid domain walls with Néel-Bloch characteristics. [(a) and (b)] Global and local views, respectively, of a snapshot for one of the spin configurations projected along
M, (color map) showing the formation of a domain wall in monolayer CrBrs. The total strip in (a) is 400 x 50 nm. Only Cr atoms are shown in the honeycomb lattice arrange-
ment of monolayer CrBrs. The system is at 0 K without any external fields or currents. [(c) and (d)] Side and top views, respectively, of the rotation of the magnetization along
the domain wall. Both M, and M, show variations along the wall altogether with M,, which indicate a hybrid character of the domain wall with Néel and Bloch features. Colors
follow the scale bar in (a). The small area around the domain wall highlighted in (a) corresponds to (c). [(e) and (f)] Variation of the magnetization along the domain wall pro-
jected along the in-plane components (M,, M,) and M,, respectively. Fitting lines are obtained using Egs. (2) and (3).

Appl. Phys. Rev. 8, 041411 (2021); doi: 10.1063/5.0062541
Published under an exclusive license by AIP Publishing

8, 041411-4


https://scitation.org/journal/are

Applied Physics Reviews

nature of the nanosheet together with the atomic thickness (= 0.5 nm)
may induce additional phenomena yet to be observed in 2D ferromag-
nets. Figures 3(a)-3(d) show that either fields or currents can effi-
ciently displace domain walls in layered CrBr; and Crl; magnets. The
dynamics is generally initialized with a domain wall at the equilibrium
position previously thermalized for several nanoseconds for full con-
vergence of the spin orientations [Fig. 3(a)]. The finite width of the
nanowire assists in the formation of the domain walls pinned by the
edges. For field-induced domain wall motion, wall velocities up to
v =70 and v =98 m s~ are recorded for CrBr; and Crls [Figs. 4(a)
and 4(b)], respectively. The wall moves steadily on both sheets and
can be described as v = (B — B,), where fi;; is the wall mobility and
B, is the onset field required to move the wall from structural defects
or pinning,"” The magnitudes of x =0.0343 m s 'mT ' and B,
= 23.89 mT for CrBrs and ¢t =0.018 m s 'mT ' and B, = 13.33 mT
for Crl; indicate that domain walls move relatively slower than those
in metallic ultrathin Pt/Co/Pt films*’ or thick magnetic insulator

Initial domain wall position

a
o |
L
'.::fj ﬁ?%%é}!’fé Dangling-bond
vV v
O o &
c

8.7 x108 Acm?

43x10° Acm?

Zig-zag

R

X

Dangling-bond
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TmIG/Pt interfaces'* but with relatively similar onset field B,. The
domain wall moves steadily on both sheets at fields below critical
magnitudes (B.) of B, = 1.19 T and B, = 4.78 T for CrBr; and Crl;,
respectively (supplementary material movies S5 and S6). For values
beyond B, different spin distributions start nucleating ahead of the
domain-wall (supplementary material movies S7 and S8) and induce
its collapse within a few hundreds of picoseconds after the motion
initiated. These spin features appear from the edges of the layers and
rapidly move into the bulk of the ribbon. This behavior is analogous
to that observed in Pt/Co/AlO, ultrathin microstructures’” and
highlighted the importance of edges on the magnetic properties of
2D magnets in device integration. A preference for unreconstructed
edges or dangling bonds rather than on zigzag edges [Fig. 3(b) at
1.50 T] has been observed in the nucleation of reversed domains dur-
ing the wall dynamics. The local variation of the exchange interac-
tions at dangling-bonds with spins being less restricted to change
their directions with an external field than at zigzag edges is one of

FIG. 3. Current- and field-induced domain
wall dynamics in 2D ferromagnets. (a)
Initial domain wall configuration for mono-
layer CrBrs at no external driving forces
(j=0, B=0). The domain wall is initially
equilibrated for up to 4 ns to ensure con-
vergence of the spin orientations along
the wall and width. The same final config-
uration is utilized for both field- and
current-driven domain wall motion. Similar
procedure is undertaken to monolayer
Crl,. [(b) and (c)] Snapshots of the domain
wall dynamics in CrBr; induced by mag-
netic fields (0.05, 1.50 T) and electric cur-
rents (8.7 x 10° A cm 2 43x10° A
em~2), respectively. The edges used in
the simulations are highlighted at
B =1.50 T with dangling-bond and zigzag
at the top and bottom of the layer, respec-
tively. Deformations observed near the
domain wall at j =4.3 x 10° A cm 2 are
highlighted by the dashed rectangle. (d)
Zoom-in of the local spin-configurations at
j=43x10° A cm™2) with color scale
showing the variations of the spin orienta-
tions along M, induced by the large cur-
rent density.

2nm
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FIG. 4. Domain wall speeds and spin wave frequency. [(a) and (b)] Calculated domain wall velocities v vs the applied magnetic field B for CrBrz and Crls, respectively. The ver-
tical solid lines indicate the region where the nucleation of magnetic bubbles starts in each material as those shown in (b) at 1.50 T for CrBrs. A fit using v = u(B — B,), where
w is the domain wall mobility and B, is the onset field, reproduces accurately the atomistic simulation data with linear regression coefficients R = 0.99 and a root-mean-
square-error of 0.0074. The field is applied perpendicular to the surface following the easy-axis of the materials. [(c) and (d)] Variations of v as a function of the current density
j for CrBrz and Crls, respectively. Two regimes are observed in the internal dynamics of the wall before and after the Walker breakdown (j,,) with the wall motion being in steady
and precessional states, respectively. We could extract ¢ =4.8 x 10° A cm~2 and jf,”3 =12.0 x 10° A cm~2. Both steady and precessional regimes on the domain-wall
dynamics can be modeled using a 1D model as described in the text. The insets show the velocities at lower values of current within j < 85 x10® A cm~2. [(e) and (f)]
Frequencies wg (THz) and w; (THz) of the emitted spin-waves during the domain-wall motion as a function of B and j, respectively, for CrBrs and Crls. Dashed lines are corre-
sponding fits to Egs. (5) and (6). Similar data labeling applies for (e) and (f).

adjacent conducting layer as recently demonstrated for insulating
TmsFe;0;, on top of a Pt substrate.* Charge current will flow in the
heavy metal generating spin currents that exert a spin-transfer torque
(STT) on the ferromagnetic material. Second, by doping the CrX; (X
= Br, I) magnets in order to generate significant carriers in the
host.””"” Such strategies are well established and would provide a

the main ingredients for this behavior. This observation shall trigger
further experimental studies of the atomic structure at the edges of
the monolayer magnets via scanning probe microscopies’”"" and
their connection to the device performance.

In the case of current-driven domain wall motion, we state that
such a behavior can be accomplished in two ways: first, by using an
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feasible platform to confirm our predictions. Indeed, we recorded
domain wall velocities up to 530 m s~ " and 1020 m s~ for mono-
layers CrBr; and Crlj, respectively, under applied currents [Figs. 4(c)
and 4(d)]. These velocities are higher than those observed in a wide
range of systems including skyrmions (100 m s~ '),"” ferromagnetic
semiconductors (Ga, Mn)As (22 m s 1), synthetic antiferromagnets
(750 m s~ 1),"” metallic layers (380 m s h, Pt/CoFe/MgO and Co/
Ni/Co interfaces (~10 m s~ ', 400 m s '),'** and insulating oxides
(400 m s~ ")."* It is worthwhile to highlight that low current densities
within the experimental range of 10~® A cm™? [insets in Figs. 4(c) and
4(d)] already resulted in domain wall speeds (i.e., 100 m s~ ") similarly
as those achieved in established racetrack platforms with more com-
plex materials." The domain walls displace freely as a function of the
current density j in a viscous flow motion (supplementary material
movies S9 and S10). The high velocities predicted for CrBr; and Crl;
are only limited by the spin-wave group velocity v, intrinsic to the sys-
tems. By using a spin-wave theory for 2D magnetic materials,”” which
includes biquadratic exchange and Dzyaloshinskii-Moriya interac-
tions (DMI), we estimate from the magnon dispersion (supplementary
material, Fig. S2) the maximum values of v, within the range of
584-891 m s~ ! for CrBry and 1326-6400 m s for Crl; (supplemen-
tary material Fig. S3). These values are close to those computed from
the atomistic simulations (530 and 1020 m s~ for CrBr; and Crls,
respectively) although slightly larger. This is due to the damping of the
domain wall motion by the emission of spin-waves™’ not taken into
account into the model as commented in the following,

The steady displacement of the domain walls occurs up to a cer-
tain threshold (j,) defined as the Walker breakdown.” For values
below j,, the wall dynamics can be well modeled by a simple 1D
model”"”* through a linear dependence of v and j,

v = fij, )

where y; is the current-driven domain-wall mobility, which gives p
=012x107" m* A s and i, =0.10 x 1079 m* A~ s for
monolayers CrBr; and Crl;, respectively. These values are of the same
order of magnitude as those recorded on thin metallic interfaces™ or
Permalloy nanowires,” which have been studied more intensively. For
values near j,, or above, the spins at the domain wall precesses induc-
ing disruption of the wall at longer times with the nucleation of mag-
netic domains with a different polarization ahead of the displacement
of the domain-wall [Fig. 3(c) at 4.35 x 10° A cm™?]. A close look at
these features [Fig. 3(d)] indicates that they may start from both edges
although dangling-bonds may induce more curvature to the domain
wall since a dragging on the motion is observed generating retardation
relative to the zigzag edge. We can model qualitatively the dynamics at
j > jw for both CrBr; and Crl; via the time average velocity of the
domain wall.”"** This suggests that the domain-wall dynamics in 2D
magnets is similar to that in magnetic nanowires, which allows faster
integration into existing devices.”” We also observe that as the domain
wall moves, spin-waves or magnons are emitted [Figs. 4(e)-4(f)]. The
spin frequencies driven by the field (wp) and current (w)) are in the
terahertz (THz) regime with maximum magnitudes of wj'™ = 0.43
THz and o™ =0.60 THz for CrBr; and wy** = 0.50 THz and
"™ = 0.66 THz for Crl;. These frequencies are in sound agreement
with those estimates from the magnon dispersion along different
points of the Brillouin zone for both halides (supplementary material
Fig. S3). We found that the maximum frequencies with the field are
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close to those at the M-point (0.47 THz for CrBr; and 0.57 THz for
Crl;), whereas with the applied current are around the K-point
(0.63 THz for CrBr; and 0.64 THz for Crls). Indeed, the variations of
g and o; can be well fitted using

wp = g + opB, ©)
wy = wp + o], (6)

where wf (B = 0) and @} (j = 0) are the onset frequencies resulting in
@B =0.29 THz and ) = 0.31 THz for CrBrs; and »f = 0.25 THz
and ) = 0.43 THz for Crl;. We also notice that the magnitudes of
P and o)) may also change due to the inhomogeneous spatial distri-
bution of the emitted spin-waves (supplementary material movie 11)
even though with a similar behavior with the field and current. The
coefficient oy differs moderately between both halides converging
to 0.13 and 0.05THz T ! for CrBr; and Crls, respectively, with
oy ~ 0.04 THz 10° A cm™? being similar to both systems. On the
field-driven spin-wave emission, the domain wall precesses with a
frequency near the Larmor frequency wy = yB, where 7 is the gyro-
magnetic ratio, similarly as in nanowires.”* We noticed that in both
layered materials, the spin wave frequencies are enclosed between
odd- and even-numbered harmonics. That is, CrBrj is within 4w and
5wy (wp — B =4.8lwp), and Crl; is within @, and 2wy
(wp — wf = 1.70mp). This indicates that the spin waves and their
overtones can be excited with a combination of fundamental modes,
which gives additional flexibility for terahertz source of the magnetic
signal using atomically thin layers. In addition, the emission of spin
waves electrically driven can be associated with the Doppler effect on
the frequency shift.”” As the domain wall moves, the current changes
the spin-waves dispersion and incidentally causes an effective flow of
the magnetic medium. This is reflected by the linear dependence of w;
on j [Fig. 4(f)] in agreement with the spin-transfer-torque Doppler
shift. A similar approach has been successfully used to study the effect
of an electric signal into magnons in Permalloy strips,” Nig,Fey
wires,”” and thin films.”®

A substantially different phenomenon is observed when the
domain wall is subject to large current densities, j > 10 A cm ™2,
with the appearance of spin hydrodynamic effects in CrBr; and Crls.
The dynamics is illustrated in Figs. 5(a)-5(c), where we plot line-cuts
of the M, and M, components of the magnetization at width 25nm,
and selected times for monolayer Crl;. We observe that shortly after
the electric pulse starts propagating into the system within 18-78 ps,
the M projection exhibits a wave propagating ahead of the domain
wall. This amplitude tilts M, into the plane and increases exponentially
[Fig. 5(d)] until M, is completely suppressed and eventually switches,
nucleating a new domain wall. The first period of the wave in M, or a
shock wave (SW) continues to propagate with no appreciable dissipa-
tion, and new domain walls are nucleated in its wake with a certain
periodicity [Figs. 5(a)-5(c)]. This nonlinear phenomenon is indicative
of a modulational instability (MI) as observed in fluid dynamics.'”*
This type of instability occurs in focusing media and describes the
exponential growth of waves within a band of wavevectors until non-
linear effects favor their spatial localization into solitons. MIs are ubig-
uitous in dispersive physical problems and have been observed in
several systems such as in water waves,”’ nonlinear optics,(’l and
Bose-Einstein condensates.”” In magnetic materials, however, MI has
been invoked so far as a pathway for the nucleation of dissipative

Appl. Phys. Rev. 8, 041411 (2021); doi: 10.1063/5.0062541
Published under an exclusive license by AIP Publishing

8, 041411-7


https://www.scitation.org/doi/suppl/10.1063/5.0062541
https://www.scitation.org/doi/suppl/10.1063/5.0062541
https://www.scitation.org/doi/suppl/10.1063/5.0062541
https://www.scitation.org/doi/suppl/10.1063/5.0062541
https://www.scitation.org/doi/suppl/10.1063/5.0062541
https://www.scitation.org/doi/suppl/10.1063/5.0062541
https://www.scitation.org/doi/suppl/10.1063/5.0062541
https://scitation.org/journal/are

Applied Physics Reviews

ARTICLE scitation.org/journal/are

Magnetization

Magnetization

Magnetization

1 | | | | | I |

FIG. 5. Modulational instability in 2D mag-
nets. [(a)—(c)] Snapshots of the magneti-
zation along M, and M, magnetization
components at different times at 18, 40,
and 78 ps, respectively. (d) Amplitude of
M, as a function of time at different current
densities.
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droplets in perpendicular magnetic anisotropy (PMA) ferromagnets,
as well as the spatial localization of high-energy magnons in PMA fer-
rimagnetic alloys excited with ultrafast optical pulses,”* and the disin-
tegration of short-wavelength  spin-superfluids in  planar
ferromagnets.”” In contrast, we find clear evidence of spin hydrody-
namic behavior manifested the onset of MI and its nonlinear dynamics
driven by electrical currents in 2D magnetic materials. We emphasize
that the nonlinear effect observed here is fundamentally different from
Walker breakdown and the subsequent precessional regime so far
observed in bulk magnets.

We also observe that MI is visible already at 20 ps as the wave-
front exhibits a transverse structure and can be more generally
regarded as a spin shock wave [Figs. 6(a)-6(c)]. At 200 ps, there are

0.4 0.5

rich transverse features in the nanoribbon, from which we can identify
a modulationally unstable region where new domains are established.
These domains are bounded by the trailing domain-wall (soliton edge)
and the spin shock wave. At 600 ps, the shock wave is already outside
our simulation profile, and the domain walls continue to propagate
further (see the supplementary material movie S12 for the full
sequence). The salient features of the MI dynamics can be visualized
in Fig. 6(d) by a color-plot of the M, component line-cuts as a function
of time. After an initial translation of the domain wall, there is a split
of behaviors at ~0.01 ns, where we can define two characteristic
speeds [dashed lines in Fig. 6(d)]. The shock wave (SW) [Fig. 6(b)]
translates with a speed of s* = 5.77 = 0.84 km s~ ', which is in sound
agreement with the maximum group velocity calculated for Crl;
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FIG. 6. Long range spin-wave propagation. [(a)—(c)] Snapshots of spin-dynamics at 20, 200, and 600 ps, respectively, under a current density of 1.56 x10' A cm~2. M, is
used to show the variations of the domain wall with the color scale along the length of the ribbon. A separation of the motion of the original domain wall (soliton edge) and the
shock waves can be observed between a wave train (modulationall 1y unstable) propagating throughout the system. (d) Color-plot of the variations of M, with the propagation
time along a 2-um ribbon of CrBr; at a current den3|ty of 156 x10™ A cm 2. The different ||ne cuts correspond to the several waveforms moving into the systems as shown
in (e)~(g). The dashed lines are given by s* = 5773 = 0.84 ms~', s; =1328 £ 1.7ms" 1 and s2 =882 = 1.8ms~". [(e) and (f)] Spectral density (arb. units) extracted
from the fast Fourier transform of the M, component as a function of time in (d) along velocmes st and s, respectively. The characteristic frequencies of the shock waves

and the domain-wall wake can be identified as sy = 177.5 = 1.25 GHz and v, = 6.66 = 1.66 GHz, respectively.

(supplementary material Fig. S3). The soliton edge exhibits a phase-
shift and subsequent translation with a speed of s7 =1.33
+0.002 km s~ [Fig. 6(b)]. Consequently, the wavelength L of the
nucleated domains can be extracted from the spectral function at a con-
stant speed such as s [Fig. 6(¢)]. The obtained frequency of the wave-
front or SW is computed as vgy =1775* 1.25GHz. We can
immediately extract L through a simple speed and frequency relationship
viaL = s /vsy = 5.77 kms™! /177.5 GHz = 32.50 = 0.23 nm, which
is equivalent to a wave-vector of ks = 27/L = 0.19 = 0.00003 nm ",
Indeed, the shock-wave speed corresponds to the group velocity of the
most unstable magnon with a wave-vector given by kgy.

The growing region bounded by the speeds s* and s| is reminis-
cent to the development of dispersive shock waves (DSWs),'” which
are located at the modulationally unstable region highlighted in
Fig. 6(b). DSWs are ordered structures that smoothly connect the
wavevectors at the front and soliton edges and have been fully charac-
terized for planar ferromagnets.”” However, the MI in our system
induces periodic domain-wall nucleation defined by the most unstable
wavevector. Therefore, we can regard the scenario of Figs. 6(b) and
6(c) as an unstable generalization of a DSW. The periodicity of the
nucleated domains leads to initially similar domain-wall speeds (paral-
lel features in the wake of the wavefront) that are later perturbed by
interactions, annihilation, and nucleation events. These can be poten-
tially related to turbulence, thermodynamic behavior as a soliton gas,””
or rare events such as rogue waves.” At a later time (=~0.04 ns), a

second characteristic domain-wall speed s; = 0.88 = 0.001 km s~ is

observed. This second speed appears to be related to an additional
source of MI in the wake of the soliton-edge that opposes the current-
driven torque. We can extract the frequency of this domain-wall wake
[Fig. 6(f)] resulting in v,,q, = 6.66 = 1.66 GHz. Given the value of s,
we can extract a wavelength of 132.28 * 32 nm, which corresponds to
the periodicity of where new domain wall appears into the system
induced by the wake of the domain-wall motion.

Interestingly, we also found that, in principle, there is no spatial
limit for the propagation of the shock waves in the systems.
Simulations undertaken at a mesoscopic level (supplementary material
Fig. S4) showed that once an electrical excitations is applied into the
system, the transmission of short-wavelength spin waves can extend
for long-distances with minor disturbance from the medium. We
record lengths up to 10 um with a group velocity above ~2000 m s~ ",
where spin-waves can work as nanoscale information carriers. The
spatial distance is at the same order of magnitude as those previously
obtained in the magnetic insulator yttrium iron garnet (YIG)** and
ferromagnetic nanowires grown on a thick YIG thin-film® with both
have been proposed as platforms to controllable transmission of spin
information. The combination between small damping (=2 x 107%)
in this class of 2D ferromagnets,”” the insulating nature of Crls and
CrBr; with no conduction electrons available to induce decay in the
spin signal,”’ and the relative low magnon scattering’' make magnetic
layered materials a new endeavor for magnonics applications.
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DISCUSSION

The possibility to manipulate and control domain walls precisely
on 2D vdW CrX; (X = Br, I) magnets opens up a pathway to design a
range of novel and highly competitive applications in the thickness of
a few atoms. As some of the critical parameters to domain-wall based
devices are domain wall widths, which control the information den-
sity, domain wall motion, directly governing access time, and pinning
processes, that determine the energy consumption, 2D magnets show
features that are fundamental for integration in novel memory tech-
nologies such as racetrack memories.” The large domain wall speeds
achieved in both CrBrs and Crl; at the limit of 1020 m s ' compete
side-by-side with the best materials used for racetrack applications
(e.g., synthetic antiferromagnets'”), where complex interfaces need to
be fabricated to induce fast domain wall shifting. This remarkable
result, along with recent advances in the scalable bottom-up growth of
CrX; in the monolayer regime,””’”” clearly presents as an opportunity
for reduction in manufacturing and time-consuming device prepara-
tion. There is a still a challenge that needs to be overcome to enable
current-driven excitations in these 2D magnetic halides, for instance,
the enhancement of the conductivity and the consequent reduction in
the current densities used to move domain walls. One route is to use
doping, which is a well-known strategy that has been widely employed
in other prototypical ferromagnetic semiconductors [such as
(Ga,Mn)As]." In fact, carrier doping has been found to induce half-
metallicity and enhance the ferromagnetic stability in the CrI; mono-
layer,”‘” such that current-induced phenomena become feasible
without compromising the magnetic properties. It is worth mention-
ing that some trade-offs between conductivity enhancement and dissi-
pation through the conduction electrons would have to be achieved
for low-power consumption. It is well known that large Gilbert damp-
ing A¢ allows fast relaxation of the magnetization to equilibrium,
whereas low damping enables energy-efficient processes. Several
approaches”” "® were previously developed on metallic systems that
may assist in the pursue of the modeling of conduction electrons on
doped-2D magnets. If the electrical conductivity of CrX; (X =1, Br) is
enhanced due to different chemical or physical processes, the values of
the domain wall speeds shown in Fig. 3 would be robust against such
variations. Since the magnitude of the Gilbert damping A utilized in
the simulations (g = 0.10) is higher than that expected for Crl; and
CrBrs,”” we intrinsically take into account additional dissipation effects
in our simulations. Furthermore, investigations to clarify the effect of
different dopants, concentrations, and their implications on both
damping and the magnetic properties of 2D magnets are promptly
needed. The emission of spin waves in the THz regime and the spin
hydrodynamic behavior observed for both halides, also merit further
exploration on novel information technologies. On the one hand, the
design of sources, detectors, and prototypes functioning in the THz-
gap (0.3-30 THz)"* provides the groundwork for the developments of
high-end electronics on the low-end of the electromagnetic spectrum.
The ultrathin character of 2D magnets, their flexibility in generating
tunable frequencies, and inexpensive sample cost relative to expensive
bulky compounds’” make vdW layered materials a playground for
applications. On the other hand, the use of magnons for information
carriers at the pm-scale puts vdW sheets in the roadmap of post-
semiconductor spin-wave technologies. The characteristic soliton
features observed on the shock-waves in both ferromagnets and conse-
quent low dissipation indicate that magnon-based data operations
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may be explored for information processing. In this sense, the develop-
ment of an energy-efficient spin-wave transducer through vdW mate-
rials is one of the key steps for the ultimate goal of hybrid spin-wave
computing systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for methods, supplementary Figs.
S$1-54, and supplementary movies S1-S12.
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