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Abstract

Two-dimensional magnets with spontaneous topological spin textures have
important application prospects in highly integrated spintronic devices. However, so far,
the predicted two-dimensional magnets with topological spin textures are majorly based
on transition metals, and most of them are semiconductors or metals. Here, based on
first-principles calculations, we predict two-dimensional rare-earth-based half-metallic
monolayer GdA2N4 (A=Ge, Sn), with 100% spin polarization. Spontaneous topological
spin textures, i.e., bimerons clusters, are revealed in those monolayers due to the
magnetic frustration and easy-plane magnetic anisotropy. The bimerons clusters can be
efficiently tunned through biaxial strain and driven by in-plane spin-polarized current.
These results underscore the promising potential of rare-earth-based two-dimensional

half-metals for spintronic devices applications.



Introduction

Inspired by the pioneering work of monolayer van der Waals (vdW) materials
Crl;!" and bilayer CroGe,Tel?], extensive research has been greatly stimulated on this
type of materials. Results on a range of magnetic vdW magnets, such as VSex!*,
CrPS4™!, CuCrP,S¢"), FesGeTe,l% and Fe;GaTe,!”! etc., have been reported, which
provide an ideal research platform for low dimensional magnetism. In the few-layer
vdW magnets, large spin-filtering tunnelling magnetoresistance!® *), strain induced
antiferromagnetic (AFM) — ferromagnetic (FM) transition, and large electric field

10. 111 “and the layer-number and twist-angle dependence of

tunability of magnetism!
magnetism!! 2l have been reported, which is highly preferred in the spintronic devices.
Recently, various intriguing physical properties such as anomalous valley Hall effect!!*:

15-17 and altermagnetism!'®! in two-dimensional (2D)

41 topological spin textures!
magnetic materials have also reported and received widespread attention. For

heterostructures of FM and AFM 2D materials, exchange bias has been explored!® 21,

[15,21 [22,

Various topologically nontrivial spin textures, such as skyrmions 1 bimerons
231 and hopfions'?* 2%, are topologically stabilized and can be effectively manipulated(*®
271 making them promising information carriers for future high-density storage and
information processing devices. Recently, great strides have been made to discover new
topological spin textures in vdW or 2D magnets!'® 28-3% The magnetic skyrmions have
been experimentally demonstrated in vdW ferromagnets FesGeTe,, FesGeTe, and
Fe;GaTe; flakes!!® 17 30 31 Current-induced magnetic skyrmions or skyrmionium
motion in Fe;GaTe, flakes has also been observed at room temperature*? 33!, Besides,
various monolayer systems have also been theoretically predicted to stabilize
topological spin textures. For instance, spontaneous antiskyrmions are predicted in
monolayer Nil, due to the magnetic frustration®®!. Meron-like topological spin textures
have been predicted in XY-type magnet monolayer CrCls as a result of the easy-plane
magnetic anisotropy induced by magnetic dipole-dipole interaction**. However, so far,
g[35-38]

topological spin textures are mostly reported in magnetic semiconductor

metalst®®431 while rarely reported in intrinsic half-metals, especially for 2D magnets.



Topological spin textures can be more effectively driven by 100% spin-polarized
current in half-metallic systems. Moreover, most 2D magnetic systems with topological
spin textures are based on transition metals®” 3% #1land the 4f-electrons based 2D
magnetic systems that exhibit topological spin textures are still in demand. Theoretical
studies suggest rare-earth-based 2D magnets show large atomic magnetic moment and
strong magnetic anisotropy***), which is crucial for spintronic devices applications.
Experimental studies have shown that the complex magnetic interactions of the 4f
electron systems are the reason for the emergence of topological spin textures in rare-

20-32] For example, in TbsCo2.17Si25 magnet™?, the 4f electrons

earth-based magnets!
play an important role in the formation of (anti)meron chains. In TmsFesO2/Pt
heterostructures!®¥], skyrmions are stabilized by the interfacial Dzyaloshinskii-Moriya
interaction (DMI). Therefore, exploring the topological spin textures in 2D half-

metallic systems based on rare-earth elements is of great significance.

Inspired by the successful synthesis of monolayer MoSixN4"#, which exhibit
exotic physical properties!>>-8], here we explore and predicted a new stable rare-earth-
based monolayer GAA>N4 (A=Ge, Sn). It is shown that monolayer GdA>Ny is intrinsic
XY-type FM half-metals with easy-plane magnetic anisotropy. Spontaneous bimerons
are revealed using micromagnetic simulations, which is ascribed to the magnetic
frustration and easy-plane magnetic anisotropy. Different types of bimerons are induced
by biaxial strain. In addition, highly efficient electric driven motion of bimerons
clusters is achieved. Our results pave a new avenue for the future application of 2D

rare-earth-based half-metallic materials in the spintronics.
Results and discussion

Monolayer GdA>N4 has a hexagonal crystal structure. According to the structure
of the intermediate layer GdN, it can be categorized into 1T and 2H-GdA2N4 phases
with p3m1 and p-6m2 space groups'™], as illustrated in Figure 1(a) and Figure S2,
respectively (see details of the calculation in the supplementary materials). Firstly, we
conduct complete structural optimization and calculate the relative energy and magnetic

ground state of the 1T and 2H-GdA2N4 phases, respectively. The results are detailed in



Table S2, both 1T and 2H-GdA>N4 phases exhibit a FM ground state, and the 1T phase
has lower energy compared to the corresponding 2H phase. The energy difference
between 1T and 2H phases is akin to that of dihalides monolayer MX, (M=Cr, Mn, Fe,
Co and X=Cl, Br, 1)\, Therefore, unless otherwise specified, all study in the following
is focused on the 1T phase. The lattice constants of monolayer GdGe;N4 and GdSnaN4
after optimization are 3.251 and 3.488 A, respectively. The lattice constants increase
proportionally with the element number of A (Ge—Sn). In addition, we calculate the
cohesive energy, formation energy, elastic constants, phonon dispersion spectra and ab
initio molecular dynamics (AIMD) simulations of the system to confirm its stability, as
shown in supplemental material Figure S3-S5, providing guidance for experimental

synthesis.

Based on the calculated stable structure of monolayer GAA>N4, we investigate the
electronic and magnetic properties of the system. As shown in Figure S6, we construct
three different magnetic configurations, i.e., FM, stripe-antiferromagnetic (s-AFM),
and zigzag-antiferromagnetic (z-AFM) states. The results show that the energy
difference AE = E,_apm — Epm for monolayer GdGe>Ns4 and GdSnaNy is 105.8 and
101.3 meV/f.u. (formula unit), respectively, exhibiting FM ground state. As shown in
Figure 1(b), the density of states (DOS) of monolayer GdGe;Ny are calculated, which
shows that monolayer GdGe2N4 exhibits half-metallic properties. The Fermi level only
crosses the spin-down channel, while the spin-up channel exhibits a band gap, as shown
in Figure 1(c) of the schematic diagram. This characteristic is valuable for applications
requiring 100% spin-polarized current, such as spin filters and spin valves. As shown
in Figure 1(d), the spin resolved band structure further confirms the half-metallic
properties. The monolayer GdSn,Ny has similar half-metallic properties, except that the
bandgap value of the spin-up channel is slightly smaller than that of monolayer
GdGe:N4 (see Figure S7). In addition, the monolayer GAA>N4 have a total magnetic
moment of 8ug/f.u. which primarily originates from the spin magnetic moment of Gd-

4f electrons, as shown in Figure S8 and Figure S9.

According to the Mermin-Wagner theorem!®’l, magnetic anisotropy is crucial in



the establishment of long-range magnetic ordering. Large magnetic anisotropy can
counteract thermal fluctuations, thereby enhancing the durability of magnetic data
storage. The magnitude of magnetic anisotropy can be represented by magnetic
anisotropy energy (MAE). Given the strong spin orbit coupling (SOC) effect of Gd
atom, potentially resulting in a large MAE™¥, we calculate the MAE of monolayer
GdA2N4 by using the formula, MAE = E, — E,, where E, and E, represent the total
energy of magnetization direction along the in-plane x direction and out-of-plane z
direction, respectively. The positive (negative) MAE indicates that the system shows
easy-axis (easy-plane) magnetic anisotropy. As shown in Figure 2(a), MAE values
along different rotation angle 6 within the xy, yz, and xz planes have been calculated.
The relationship between MAE and rotation angle 0 can be fitted using the equation,
MAE(6) = K;sin?0 + K,sin*0, where K, and K, are magnetic anisotropy coefficients.
As exhibited in Table S4, the negative K; indicates that monolayer GdGe;N4 exhibits
easy-plane magnetic anisotropy. In the xy plane, various magnetization orientations
yield identical MAE, signifying the absence of in-plane anisotropy within this system.
Therefore, the monolayer GdGe>N4 can be classified as the 2D XY magnet!*S]. As
shown in Figure 2(b), the monolayer GdGe>N4 has -1290 ueV/f.u. magnetic anisotropy.
The value is larger compared to monolayer Gdl, (-553 peV/Gd)* and Cel, (-234
neV/Ce) . The monolayer GdSnaN4 also belongs to the XY magnet and has higher
MAE (-2046 peV/f.u.) than monolayer GdGe2Ny, and the results are shown in Figure
S10(a-b). Note that for thin film flakes, additionally a shape anisotropy contributes that

also favors an easy-plane magnetic order.

The magnetic ordering temperature of the GdA>N4 system is studied next. Notably,
monolayer GdA>N4 with in-plane easy magnetization axis exhibits a Berezinskii-
Kosterlitz-Thouless (BKT) magnetic phase transition!®" 2. The critical temperatures
T. of BKT magnetic transition can be estimated using the equation!®* 1 T, =
(0.89AE)/(8kg), where kg is the Boltzmann constant. The estimated T, of monolayer
GdGe;N4 and GdSnoNy are 136.6 and 130.7 K, respectively, which is much larger than
the T, of the XY-type monolayer CrCl; (12 K)**, and is close to the T. of the X Y-type



bilayer NiPS3 (150 K)!6>- 661,

Typically, 2D materials with easy-plane magnetic anisotropy yield a residual SO(2)
symmetry that usually lead to nonlinear spin textures, such as magnetic vortex and
antivortex**. Through calculating the total energy of different magnetic configurations
(detailed in Figure S6), the nearest neighbor and second nearest neighbor exchange
coupling constants J; (J2) of monolayer GdA>Ns are calculated, the results are detailed
in Table S4. The frustration presents in this system due to the different signs of Ji and
Jo. The magnetic frustration ratio, defined as |J|//J1, of monolayer GdGe;N4 and
GdSn2Ny is about 0.33 and 0.32, respectively, which is slightly greater than the values
of monolayer CrTel (0.29) and MnPCl (0.27)1*”). With considering both the strong easy-
plane magnetic anisotropy and large magnetic frustration ratio, micromagnetic
simulations reveal that monolayer GdA>N4 exhibits spontaneous bimerons at zero
magnetic field. As shown in Figure 2(c), the self-assembled antiparallel arranged
bimerons are observed in monolayer GdGe>N4, which have also been reported in 2D
magnetic systems, such as monolayer CrCI;**, CrTel and MnPCI!®”), In addition, the

bimerons in monolayer GdSn2N4 exhibit a linear alignment (see Figure S10(c)). The
topological charge density is defined as q = ﬁs - (0xS x 0,S)!%*1. The topological

charge Q is defined as Q = [ qdxdy"®®. Figure 2(d) and Figure S10(d) show the
distribution of topological charge density for monolayer GdA,N4, the bimerons with
Q=1 are composed of a pair of merons with Q=1/2. As the topological counterpart of
the skyrmions, bimerons carry an integer topological charge Q in the in-plane
magnetized system!?”- ®, In Figure S11, we conduct a more detailed discussion on the
mechanism of magnetic frustration in this system and its effect on the formation of
topological spin textures.

To tune the properties and in particular the spin textures, we investigate the impact
of strain on the topological spin textures of the monolayer GdA>Njs. Firstly, we find that
for biaxial strain as shown in Figure 3(a) and Figure S12(a), the band gap value of the

spin-up channel for monolayer GdA>N4 under compressive strain increases, indicating

the enhancement of the half-metallic characteristics. However, the band gap value of



the spin-up channel for monolayer GdA>N4 decreases under tensile strain, leading to
the transition of monolayer GdGe;N4 and GdSnaN4 from half-metals to normal metal
states at a critical strain of 5% and 3%, respectively, as shown in Figure S13. In addition,
as shown in Figure S14, the monolayer GdA>N4 maintains the FM ground state under
different biaxial strain. Through calculating the total energy of different magnetic
configurations, the corresponding magnetic frustration ratio values of monolayer
GdA>N4 under varying biaxial strain are shown in Figure 3(b) and Figure S12(b). It is
observed that the value increases to about 0.5 under the 5% tensile strain, while the
value slightly decreases under compressive strain. Figure 3(c) shows the MAE of
monolayer GdGe>N4 under varying biaxial strain. The MAE increases to about -3000
peV/fau. under -5% compressive strain, while the MAE decreases under tensile strain.
It is worth noting that monolayer GdGezN4 exhibits a MAE of 94 peV/f.u. under 5%
tensile compressive strain, indicating a dominating perpendicular magnetic anisotropy
(PMA) at this strain level. The MAE of monolayer GdSn,N4 under strain is similar to
monolayer GdGezNs, but its magnetic anisotropy remains in-plane, as shown in Figure
S12(c). Through second-order perturbation theory analysis’’, biaxial strain
significantly affects the MAE of monolayer GAA>N4 by changing the matrix element
difference (py, p,) of Gd atom. The specific results and discussion can be found in the
supplemental materials and Figures S15-S17. As shown in Figure 3(d) and Figure
S12(d), these unique topological spin textures can be significantly modified via the

biaxial strain.

The changes of the magnetic properties affect the stable spin textures. In particular,
bimerons clusters can be induced under compressive strain through decreasing the
magnetic frustration ratio and increasing the easy-plane magnetic anisotropy, while the
tensile strain induces bimerons chains through increasing magnetic frustration ratio and
weakening easy-plane magnetic anisotropy. Notably, due to the presence of PMA in
monolayer GdGe>N4 under 5% tensile strain, a so-called Bloch line configuration is
also stabilized, as shown in Figure 3(d). Figure S18 shows the topological charge
density of monolayer GdA>N4 under biaxial strain, due to the presence of easy-plane
magnetic anisotropy. It is worth noting that bimerons clusters with opposite signs of
topological charge can coexist with each other!’! 72, The bimerons composed of a pair
of merons Q=-1/2 are called an antibimerons with Q=-1. The bimerons and

antibimerons with the same absolute value of Q have different out-of-plane spin



configurations!’®). The recent theories have predicted a topological spin textures hybrid-
meron with a topological charge of Q=01 which still exhibits topologically nontrivial
due to the AFM coupling effect of interlayer bimerons. The influence of dipole-dipole
interaction on the topological spin textures is also discussed in Supplementary

Information (Figure S19).

2D half-metals can provide 100% spin-polarized current, which is crucial for
efficient manipulation of topological spin textures. Thus, we further discuss the
dynamics of topological spin textures caused by the spin-transfer torque!’*. The spin-
transfer torque can simulate the in-plane spin-polarized current!’>). The motion of
topological spin textures driven by in-plane current due to spin transfer torques can be

described by the Thiele equation!?® 76l;
F+GX(u—v)+D(Pu—av) =0 (1)

Where F is the effective forcel’”). G = (0, 0,—4mQ) is the gyromagnetic coupling
vector!”]. u is the spin drift velocity related to spin-polarized current; v is the spin

structure drift velocity and B is the nonadiabaticity constant!”®l. D is the dissipative

force, where Dj; = if dxdy 0;S - 9;S. When considering the direction of the spin-

polarized current along the x axis, with u, = 0, the drift velocity component of the

topological spin textures driven by the current is®®* 7>);

_ (B, G _aB

Vx = (a o G2+aZDZ) Ux (2)
_ B

vy = (DG g s

Note that topological spin textures will exhibit transverse motion induced by the
Magnus force under the spin-polarized current, i.e., Hall-like effect?”]. The Hall angle
O=arctan (v, /v,). Here, we investigate the dynamics of bimerons clusters under spin-
polarized current. The consistency between analytical results and numerical results is
verified through the simulation results of isolated bimerons, as shown in Figure S20.
Figure 4(a-h) show the snapshots of the topological spin textures of monolayer GdA>N4
with bimerons clusters under different biaxial strain driven by spin-polarized current

along y axis. The topological spin textures with different topological charge numbers



all exhibit a linear motion trajectory. However, it is worth noting that the opposite Q
signs lead to the opposite transverse velocity v,. As shown in Figure 4(a) and Figure
S21, the bimerons clusters with negative topological charge numbers are subjected to a
Magnus force to the right, resulting in a drift velocity component v, to the right. In
contrary, for bimerons clusters with positive topological charge numbers (see Figure
4(b-h)), they are subjected to a Magnus force to the left during the drift process,
resulting in a drift velocity component v, to the left. As shown in Figure 4(i), it can
be seen that although the absolute values of the drift velocity components of bimerons
clusters with different topological charge numbers are slightly different, the absolute
values of Hall angle for all bimerons clusters are within the range of 11° to 11.6° (see
Figure 4(j)), indicating that the bimerons Hall effect does not depend strongly on the

size and shape. According to formula (2), the Hall angle of the system is determined by
%, as shown in Figure 4(j), the dissipation force D is proportional to the topological

charge Q, therefore, the bimeron clusters with different topological charge numbers
exhibit similar Hall angle. In addition, the influence of nonadiabaticity constant § on

Hall angle is also discussed in Supplementary Information (Figures S22-S23).

Based on the above results analysis, with applying spin-polarized current in an
appropriate direction, the collision between bimerons clusters with opposite signs of
the topological charge can be achieved. The Figure S24(a-f) show the snapshots of the
topological spin textures of monolayer GdGe2N4 under -3% compressive strain driven
by spin-polarized current, the bimerons clusters with topological charge Q=9 and -3
collide and the system energy undergoes a drastic change between 200-300 ns (see
Figure S24(g)), indicating the collision and merging between the bimerons clusters with
opposite topological charge signs and resulting the new bimerons clusters with
topological charge Q=6. It is worth noting that this process entails topological charge

numbers conservation in the system, as shown in the Figure S24(h).

With these findings, we evidence the stability of bimerons in monolayer GdA>Ny
systems with half-metallic properties. The dynamics due to injected fully polarized

currents as analyzed within the Thiele model, shows that bimerons clusters with



different topological charge numbers exhibit a similar Hall effect, and collision and
merging between the spin textures can be achieved through injection of currents while

conserving the overall topological winding number of the system.

Conclusion

We use first-principles calculations to predict monolayer GdA>N4 (A=Ge, Sn) with
a seven atom layers structure, and systematically study its stability, electronic, and
magnetic properties. It is found that monolayer GdA>N4 exhibits half-metallicity and
easy-plane magnetic anisotropy. Monolayer GdA>N4 exhibits spontaneous bimerons,
which is induced by magnetic frustration and easy-plane magnetic anisotropy. The
morphology of the topological spin textures can be efficiently tuned through applied
biaxial strain. The half metallic electronic structure naturally lends the system to
manipulation by injected currents. The dynamics of micromagnetic simulations indicate
that the bimerons clusters show a linear motion under injected spin-polarized currents.
The absolute value of bimerons Hall angle does not depend strongly on the size and
shape. In addition, new bimerons clusters can be obtained through collision and
merging between bimerons clusters that could be useful for complex computational
approaches. With the above intriguing properties, the predicted rare-earth 2D magnets
with half-metallic properties are particularly promising for spintronic devices like spin

transfer torques driven magnetic tunneling junction and race-track memories.
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Figure 1 The electronic structure of the 1'T-GdA2N4 monolayer: (a) the top and side
views of crystal structure, where the dashed box represents the primitive cell; (b) the

DOS; (c) the schematic of DOS, where A; represents bandgap values of spin-up

channel; (d) the spin resolved band structure.
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Figure 2 Magnetic anisotropy and the magnetic structures of monolayer GdGe:Na:
(a) angular dependence of MAE in the xy, yz, and xz planes; (b) the MAE in the whole
space; (c-d) topological spin textures and topological charge density at zero external

magnetic field.
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Figure 3 Biaxial strain dependence of the electronic and magnetic properties of the
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strain dependence of topological spin textures at zero external magnetic field.
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Figure 4 The spin-polarized current driven motion of the bimerons clusters in half-
metallic monolayer GdA:N4 under different biaxial strain at zero external field:
(a-h) the snapshots of the bimerons clusters driven by 100% spin-polarized current
along y axis, where the solid line represents the direction of spin-polarized current, and
the dotted line represents the direction of topological spin textures drift; (i) the drift
velocity component along x and y directions; (j) the Hall angle and dissipative force of
the bimerons clusters with different topological charges Q.



