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Strain-tunable topological antiferromagnetism of two-dimensional
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Two-dimensional materials with a negative Poisson ratio, which exhibit unique mechanical behavior that
expands laterally when stretched, have attracted considerable attention for their practical applications in sensors,
biomedicine, and other fields. Here, using the elastic solid theory and first-principles calculations, we screen
out a series of two-dimensional (2D) auxetic magnets M X, protected by P4m2 crystal symmetry. We show
that various types of chiral antiferromagnetic spin configurations can be achieved. Specifically, the elliptical
antiferromagnetic antiskyrmion can be stabilized in Mnl, and CoCl, monolayers under the external strain
along the x-direction due to the coexistence of a negative Poisson ratio and anisotropic Dzyaloshinskii-Moriya
interaction. Our work thus enriches the family of 2D auxetic magnets by introducing intrinsic long-range
magnetic order, and it provides a platform for investigating strain-tunable topological antiferromagnetism.
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I. INTRODUCTION

As a fundamental mechanical property, Poisson’s ratio (v)
is defined as the ratio of longitudinal strain to transverse
strain. It characterizes the lattice behavior in the y-direction of
materials when uniaxial strain is applied along the x-direction,
which sets a range of -1 < v < 0.5 based on classical
elasticity theory [1]. Different from materials with a positive
Poisson ratio (PPR), materials with a negative Poisson ratio
(NPR), also known as auxetic materials, exhibit untrivial me-
chanical properties that are laterally expanded upon stretching
[2]. This feature facilitates the application of these materials
in sensors [3], fasteners [4], and biomedicine [5]. Most of
the reported materials with the NPR effect are contained in
crystals, molecules, and network structures [6-9]. Recently,
two-dimensional (2D) auxetic materials have attracted atten-
tion due to their geometric effect, such as penta-graphene,
SiO, and SnO, monolayers protected by P4m2, single-layer
black phosphorus, and P4mm-type MX (M = Cr, Cu, Ag; X
= Se, Cl, Br, I) with a buckled structure [10—-14]. The auxetic
effect in these 2D materials has been proven based on theoret-
ically calculated elastic constants C;; and confirmed by fitting
the y — x-strain curve. However, systems that combine NPR
and intrinsic magnetism have rarely been reported on as far
as we know. On the other hand, topological magnetic quasi-
particles in magnets, such as skyrmions and bimerons, have
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attracted extensive research interest due to their promising
applications in information storage and logic devices [15-17].
In particular, the magnetic moments and topological charge of
coupled sublattices cancel out in antiferromagnets, resulting
in zero dipolar field, zero skyrmion Hall angle, and high
stability and mobility of topological quasiparticles [18,19].
Using x-ray photoemission electron microscopy and spin-
polarized scanning tunneling microscopy, antiferromagnetic
topological quasiparticles were demonstrated based on the
skyrmion Hall effect in the system [20-22]. In most situations,
such as an asymmetric exchange interaction induced by spin-
orbit coupling (SOC), these chiral quasiparticles are mainly
due to the Dzyaloshinskii-Moriya interaction (DMI), obtained
in inversion symmetry-broken systems [23-25].

In this work, we use the Computational 2D Materials
Database C2DB [26,27] to screen out 23 2D magnets M X,
(where M denotes a 3d transition metal, and X denotes a
VI-A or VII-A element) with P4m2 crystal symmetry [28],
and we calculate the mechanical properties, including Young’s
modulus and Poisson’s ratio, via the elastic solid theory. We
find that MnA, and CoA; (A = Cl, Br, I) monolayers, which
exhibit hybridization between 3d-orbitals from metal atoms
and p-orbitals from nonmagnetic atoms, are mechanically sta-
ble and possess auxetic behavior. Moreover, the strain-tunable
anisotropic DMI is obtained in those 2D auxetic antiferromag-
nets. The competition between various magnetic parameters
leads to the emergence of antiferromagnetic antiskyrmions,
and thanks to the large NPR, elliptical antiferromagnetic anti-
skyrmions are further induced by a uniaxial strain in those 2D
auxetic materials.

©2023 American Physical Society
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FIG. 1. (a) Top and side views of MX, monolayer. Purple and light-/dark-green balls represent M and X elements, respectively. (b)
Mechanical properties of MnCl,, MnBr,;, Mnl,, CoCl,, CoBr,, and Col, monolayers. The tensile strain along the x-axis leads to auxetic
performance in the y direction. The lines indicate a linear relationship between ¢, and ¢,.

II. COMPUTATIONAL DETAILS

Our first-principles calculations are performed using the
density functional theory (DFT) with the projector-augmented
wave (PAW) method as implemented in the Vienna Ab Ini-
tio Simulation Package (VASP) [29-32]. The exchange and
correlation functions are treated by the generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof func-
tional (PBE) [33,34]. A plane-wave cutoff energy is set to
420 eV. The GGA+U method with U = 3 eV is applied to
describe the strongly correlated 3d electrons. The thickness of
a vacuum layer is set to no less than 15 A along the z direction
to avoid interactions between adjacent layers. The Brillouin
zone is sampled using a I'-centered 30 x 30 x 1 Monkhorst-
pack k-point mesh. Electronic convergence is performed with
a tolerance of 10~ eV. Optimized structures are fully relaxed
until the force converged on each atom is less than 1073 eV /A.
To check the dynamic and thermal stability of the auxetic
materials MnA; and CoA; (A = Cl, Br, I) monolayers, phonon
dispersions and ab initio molecular dynamics (AIMD) are
simulated [35,36]. We adopt the chirality-dependent energy
difference approach and the gSO method to obtain the DMI
of the systems with the NPR effect [37-39]. The calculation
details regarding the magnetic parameters are discussed in the
Appendix.

III. RESULTS AND DISCUSSION
A. Geometrical stability and mechanical properties

Figure 1(a) shows the crystal structure of an MX, mono-
layer, which is constructed by one 3d transition-metal atom
(M) and four halogen or chalcogen elements (X). As discussed
in Ref. [28], the layer of M X, lacks inversion symmetry with

the P4m2 space group and tetragonal lattice. The bending
directions of M - Xiop - M and M - Xy - M are along the y-
and x-axis, respectively. To evaluate the effect of lattice dis-
tortion on structural stability, the mechanical properties of the
M X, monolayer are investigated based on elastic solid theory.
Using the standard Voigt notation [6], the elastic strain energy
per unit area for these 2D system can be expressed as

E, = %CMSf + %C228§ + Cra8x8y + 2C668§y7 (1
where the coefficients C;;, Cy, Ci2, and Cg¢ are the com-
ponents of the elastic tensor, and uniaxial strain in the x
(y) direction and the shear strain are represented by ¢,
(&y) and g,,. For a mechanically stable structure, the elas-
tic constants should satisfy C;;Cy — Clz2 > 0 and Cg > 0.
Moreover, the in-plane Young’s modulus can be obtained by
Y =(C11Cp — C122)/C22. The results on the elastic constants
of the M X, family are shown in Table I. In this family system,
Ci; is always equal to Cy, and therefore Cy; > |C122| and
Ces > 0 should be satisfied. From the calculated constants,
we find that the mechanical properties of MX, monolayers
are stable except for VO,, Crl,, and FeS,. Young’s moduli
of the oxide materials, including CrO,, FeO,, and CoQO;,
are 75.586, 77.821, and 71.255 N/m, respectively, which are
larger than that of traditional materials, such as silicene, ger-
manene, and stanene [40—42]. Notably, the negative Cj, for
MnA,; and CoA; (A = Cl, Br, I) reminds us of the NPR effect
in whichv = g—z < 0 can be found in those monolayers. Most
materials have a positive Poisson ratio ranging from 0 to 0.5,
while MnA, and CoA, are NPR, being similar to that of the
computed SnO, (v = —0.11) [25], but larger than those non-
magnetic materials [9,10]. To further confirm the existence
of NPR in CoA, and MnA,, we calculate the responses in

134438-2



STRAIN-TUNABLE TOPOLOGICAL ...

PHYSICAL REVIEW B 108, 134438 (2023)

TABLE I. The calculated elastic constants C;;, Young’s modulus, and Poisson’s ratio of the MX, family. The units of C;; and Young’s

modulus are N/m.

MX, Ch Cy Cip Ces Young’s modulus Poisson’s ratio
VO, 77.700 77.700 5.697 -11.671 77.282 0.073
VS, 32.948 32.948 5.574 5.451 32.005 0.169
VSe, 19.385 19.385 5.770 3.600 17.668 0.298
CrO, 77.578 77.578 12.432 5.514 75.586 0.160
CrS, 22.102 22.102 2.543 2.606 21.809 0.115
CrSe, 13.104 13.104 1.874 1.489 12.836 0.143
Crl, 15.068 15.068 3.221 -21.591 14.379 0.214
MnCl, 17.761 17.761 -1.529 0.732 17.629 -0.086
MnBr, 16.891 16.891 -1.128 0.641 16.816 —0.068
Mnl, 15.760 15.760 -0.750 0.810 15.724 -0.048
FeO, 79.184 79.184 10.390 12.510 77.821 0.131
FeS, —-15.289 -15.289 29.679 —0.521 42.324 -1.941
FeCl, 18.979 18.979 0.142 1.937 19.978 0.007
FeBr, 16.019 16.019 1.976 1.698 15.775 0.123
Fel, 14.500 14.500 2.639 1.691 14.020 0.182
Co0, 71.349 71.349 2.584 10.419 71.255 0.036
CoCl, 26.174 26.174 -2.192 1.279 25.990 -0.084
CoBr;, 24.394 24.394 -1.789 1.180 24.263 -0.073
Col, 22.297 22.297 —-1.430 1.264 22.205 -0.064
NiCl, 36.021 36.021 -0.851 0.617 36.001 -0.024
NiBr, 32.626 32.626 -0.224 0.744 32.624 -0.007
Nil, 27.986 27.986 1.173 1.177 27.937 0.042

the y direction when the lattice is subjected to 0-5 % tensile
strain in the x direction. Poisson’s ratio, v, is defined as the
slope of the &,—¢, curve, i.e., v = —i—i As shown in Fig. 1(b),
the in-plane NPR of MnCl, (CoCl,), MnBr; (CoBr;), and
Mnl, (Col,) are —0.086(—0.084), —0.067(—0.073), and
—0.048(—0.064), respectively. The negative values mean that
the equilibrium lattice becomes auxetic perpendicular to the
applied strain, which is in agreement with that obtained from
elastic solid theory.

To clarify the mechanism of NPR for MnA, and CoA,,
we select MnCl, and CoCl, with strong NPR and Fel, with
strong PPR for a comparison, and we explore their electronic
structures. The magnetic atoms in MnCl, and Fel, monolay-
ers are in a Néel antiferromagnetic configuration, where the
magnetism originates from partially occupied 3d orbitals. In

a tetrahedral crystal structure, fivefold-degenerate 3d orbitals
of M atoms split into two sets: > (dyy, dx;, dy;) and e (dxz,yz,
d_). We plot the projected density of states of M — 3d and A-p
orbitals. From Figs. 2(a) and 2(b), the similar DOS-peak shape
and position between Mn(Co)-e and Cl-p orbitals near the
Fermi level indicate a strong orbital interaction of metal and
nonmagnetic atoms. For the DOS of an Fel, monolayer, the
e-p orbital coupling is obviously weaker than the MnCl, and
CoCl, monolayers in the [-1,0] energy range (see Appendix
1). The geometric evolution of MnCl, (CoCl,) and Fel, under
uniaxial strain using the alternate corners of a cube is shown
in Fig. 2(c) and Appendix 1. For MnCl, and CoCl,, when
the bottom two atoms are stretched along the x direction,
a compressive force will appear in the z direction due to
the strong e-p orbital coupling, and then the M atom moves

~ 12 T— Mn-t, 12 (©) i— Col,
g }=—— Mn-e t— Co-e
T 6 E—CI-P 6 E—Cl-p
> : :
» H H
2 0 : 0 :
5 : :
Z : :
o : H
> E 6 :
D : !
5 ' '
-12 1 1 A2 1 H
0% 1 0 172 1 0

Energy (eV)
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FIG. 2. Atom-projected density of states for (a) MnCl, and (b) CoCl,. (c) Schematic diagram of the geometric evolution for MnCl,
and CoCl, monolayers. Black, red, and blue lines represent the #, (dyy, dy;, dy;) and e (d,2_y2, d,2) orbitals of metal atoms and p-orbitals of
nonmagnetic elements, respectively. Purple arrows in (c) indicate the resulting movement of the A, atom under a tensile strain along the

Xx-axis.
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FIG. 3. (a),(d) magnetic anisotropy K; (b),(e) nearest-neighboring exchange coupling at the x- and y-directions J{ and le ; and (¢),(f)
in-plane component of DMI between nearest-neighboring magnetic atoms at the x- and y-directions djf and dﬁ' of MnA; and CoA, (A = CL,Br,])

monolayers under the strain along the x-axis.

downward and the structure is stretched along the y-direction.
The angle change of ZOBC can be used to describe the defor-
mation mechanism inside the lattice [43,44]. The decreased
ZOBC upon applying strain further confirms that the strong
e-p orbital coupling leads to the NPR effect in the xy plane. On
the contrary, the PPR appears in the Fel, monolayer due to the
weak e-p orbitals coupling between Fe and I atoms (Appendix
1). Thus, the discrepancies between Poisson’s ratio of MnCl,
(CoCl,) and Fel, with the same symmetry confirm that the
electronic state is responsible for the NPR behavior in these
monolayers.

Unlike the mechanical stability, we demonstrate the dy-
namic and thermal stability of these auxetic materials by
calculating the phonon dispersion and performing ab initio
molecular dynamics (AIMD). We note that in the calculated
phonon band structures of MnCl, and CoBr,, small acoustic
imaginary modes appear around the I' point, which is inter-
preted as instability against long-wavelength transverse waves
(see Appendix 2). This instability does not significantly affect

the whole structure and the properties of these 2D materials,
and it can be eliminated by ripples in the structures. After
heating at 500 K for 8 ps with a time step of 1 fs, the vari-
ation of potential energy is kept at a small amplitude near the
average value during the entire simulation, and all structures
are still maintained at the initial phase (see Appendix 2),
indicating a good thermal stability of MnA, and CoA, mono-
layers. The system energy of auxetic magnets is summarized
in Appendix 2 as a function of strains. The strain-induced
energy difference compared with the ground state is smaller
than 100 meV, thus it is feasible to apply external strain in
these auxetic magnets.

B. Tunable topological magnetism

Previous studies have proposed and illustrated a family of
2D magnets M X, with P4m2 symmetry-protected anisotropic
DMI, and various topological spin configurations, including
FM/AFM antiskyrmions and AFM vortex-antivortex pairs,
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FIG. 4. Calculation of magnetic parameters by the gSO method for CoCl, monolayer under (a) 0% and (b) 5% uniaxial tensile strain.
Spin spiral energy E(q) (upper panel) and DMI energy AEppm(g) (lower panel) calculated as a function of spiral vector length g. E(g) is given
with respect to the antiferromagnetic state at ¢ = +1. Black and red points are calculated with g along with I'-X and I'-Y [insets (a) and (b)],
respectively. Blue lines in the lower panels in (a) and (b) are linear fits of AEpy(g), which is based on the atomistic extended spin Hamiltonian.

Red dashed lines indicate the strength of the anisotropic DMI d|* = —d;” and d;* < —d,”, which are obtained in CoCl, at 0% and 5% strain,
respectively.

emerge in these materials [28,45]. As mentioned above, a is increased in the y-direction. Notably, the size and den-
stronger NPR effect observed in MnA,; and CoA, (A = sity of those chiral spin textures can be tuned through
Cl, Br, I) monolayers means that as the tensile strain is stain engineering [46]. Therefore, we focus on the topo-
applied in the x-direction, the equilibrium lattice constant  logical magnetic properties and topological spin textures of

Itop
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FIG. 5. Atomic-layer-resolved localization of SOC energy difference AEsoc for (a)—(c) MnA, and (d)—(f) CoA, (A = CL,Br,I) monolayers.
AEgoc is shown with spin rotating along the x-axis.
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FIG. 6. Real-space spin configurations obtained from atomistic spin model simulations. Spin textures of a 100 nm x 100 nm square and
zooms of a topological quasiparticle (indicated by dashed rectangle) of auxetic materials (a) MnBr,, (b) Mnl,, (c) CoCl,, (d) CoBr;,, and (e)
Col,. Uniaxial tensile strain is applied in monolayers. The color map indicates the out-of-plane spin component, and the arrows indicate the

orientation of the in-plane spin component.

auxetic materials MnA, and CoA, under uniaxial tensile
strain.

We adopt the following spin Hamiltonian to investigate
the magnetic properties of auxetic monolayers of MnA, and
CoAj:

H=—KY () =7 880> SS;
i (i, j)

@.j"

— Y Dij- (Si x S)), @)
(i.j)

where S,(;) is a unit vector representing the orientation of the
spin of the ith (jth) M atom, and (i, j) and (i’, j') represent
the nearest-neighbor (NN) and next-nearest-neighbor (NNN)
of M atom pairs, respectively. The magnetic parameters K,
Ji, J2, and D;; in the first three terms represent the magnetic
anisotropy, NN, NNN exchange coupling, and interatomic
DML, respectively. The P4m2 layer group contains a twofold
axis and two mirror symmetries. According to Moriya sym-
metry rules [24], the sign of the in-plane DMI components
should be opposite along the x- and y-directions, djf = —dﬁ ,
which is indicated in Fig. 1(a). When the uniaxial strain 1s

applied in the x-direction for MnA, and CoA; monolayers
with NPR, the lattice in the y-direction expands to a, — &, X
v, which leads to anisotropic NN exchange coupling. The
computational details about these magnetic parameters are
illustrated in Appendix 3 and the DFT results are shown in
Fig. 3. For magnetic anisotropic energy, K > 0 and K < 0 in-
dicate perpendicular magnetic anisotropy (PMA) and in-plane
magnetic anisotropy (IMA), while for exchange coupling,
J > 0 and J < 0 indicate the FM and AFM coupling, respec-
tively. In pristine MnCl,, MnBr;, and Col, monolayers, the
direction of magnetic anisotropy can be maintained, while
the IMA-to-PMA transition is observed in Mnl,, CoCl,, and
CoBr, monolayers under external strain. MnA, and CoA;
monolayers prefer AFM exchange coupling, where the NN
exchange coupling in the x-direction (J{) decreases with the
increase of the uniaxial strain, while it has little change
along the y-direction (J7). The NNN exchange coupling J is
isotropic, and its strength is much smaller than J;. For the cal-
culated DMI, the in-plane (IP) DMI components dIT ®) > 0and

dﬁ‘(y ) < 0 favor an anticlockwise (ACW) and clockwise (CW)
spin configuration, respectively. As required by the symmetry
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TABLE II. The magnetic anisotropy (K), nearest-neighboring at the x- and y-directions and next-nearest-neighboring exchange coupling
(J5,J7, and J,), and in-plane component of DMI between nearest-neighboring magnetic atoms dj and dﬁ' of CoCl, monolayer with and without
the NPR effect when 5% tensile strain is applied along the x- and y-axis. The unit of K is meV/atom; the units of J7, J;, and J, are meV; and

the units of dj and dlf‘v are meV.

K Ji A A d; &
y-direction with NPR —0.050 8.042 7.726 0.171 -0.782 0.652
x-direction with NPR ~0.050 7.726 8.042 0.171 -0.652 0.782
without NPR -0.052 7.729 8.101 0.181 ~0.625 0.767

feature, the out-of-plane (OOP) DMI component df vanishes
due to the M-X-M in one mirror plane. Apparently, the DMI
in the x- and y-directions favors CW and ACW chirality,
respectively. Remarkably, the amplitudes of dj and d"‘v are
modulated by uniaxial strain, which results in an unequal
strength of DMI along different axial directions. In addition,
to demonstrate the reliability of the results obtained from the
chirality-dependent energy difference (CDED) approach, we
adapt the qSO method, in which the SOC is considered in
first-order perturbation theory using a self-consistent method
to calculate E( q ). E( q ) represents the energy functional
of a spin spiral for MX, monolayers, where ¢ is the spiral
length, and the DMI energy can be calculated as AEpy(q) =
[E(q) — E(—¢q)]/2 (see Appendix 3). As shown in Fig. 4, we
take a 2 x 2 x 1 CoCl, supercell with 0% and 5% uniaxial
tensile strain as an example to compare the difference between
the DMI in auxetic materials in the x- and y-directions, which
correspond to the I'X and I'Y directions in the Brillouin zone
of reciprocal space [see the inset of Figs. 4(a) and 4(b)]. From
the spin spiral energy E(g) shown in the upper panel of Fig. 4,
CW and ACW rotating is favored when ¢q is along the T'X
and I'Y directions, respectively, demonstrating the anisotropic
feature of DMI. The calculated AEpy(g) shows a good linear
dependence on ¢ close to the I' point, and dj and diT of
pristine CoCl, is —0.696 and 0.696 meV, respectively [see the
lower panel in Fig. 4(a)]. When the 5% uniaxial tensile strain
is applied in CoCl,, the chirality of the spin spiral remains
opposite in the I'X and I'Y directions, while the magnitude of
DMI becomes unequal along the x- and y-axis, indicated by
the different dj and a’ﬁ of —0.629 and 0.721 meV, respectively,
according to the linear fit of AEppm(q) [see the lower panel in
Fig. 4(b)]. The details on the computational method of dﬁ((y)
are explained in Appendix 3. These values indicate that the
calculated DMI using the CDED approach are in agreement
with the gSO method.

We further calculate the layer-resolved SOC energy differ-
ence AEgoc between CW and ACW spin configurations with
rotation along the x-direction to elucidate the origin of DMI
in NPR materials (see Fig. 5). Actually, the calculated AEgoc
shows opposite chirality in the x- and y-directions, and it can
be modified under the uniaxial strain along the x-direction.
In MnA; and CoA, monolayers, the largest value of AEsoc
originates from Ay, and Co layer, respectively. These features
indicate that the physical mechanism governing the strength
of the DMI in MnA; and CoA; monolayers is consistent with
the Fert-Levy model and Rashba-type interaction, respectively
[37,47]. We also notice that the contribution of DMI from the
A layer keeps increasing as the SOC strength of A is enhanced

(from Cl to I). The decay of AEgoc with the increase of strain
reflects the variation of d.

Once all the magnetic parameters with the NPR effect
in the spin Hamiltonian are calculated, we can perform the
atomistic spin model simulations (see Fig. 6) of auxetic ma-
terials using the VAMPIRE package in a large enough space
with a square length of 100 nm [48]. The initial spin direction
is set to random states in the open boundary. The uniform
antiferromagnetic background emerges in the MnCl, mono-
layer depending on a weak DMI strength, and it cannot be
changed under external strain. Compared with MnCl,, the NN
exchange coupling decreases while the DMI largely increases
in MnBr; and Mnl, monolayers, resulting in the existence of
a domain wall in the PMA and IMA systems, respectively.
With the IMA-to-PMA transition and the decrease of K, the
elliptical AFM antiskyrmion (7/r, = 1.48) is embedded in
the domain for Mnl, under 3% tensile strain. In the pristine
CoCl, to Col, transition, AFM antiskyrmion and vortexes
are observed, which is a result of a much stronger DMI
(dﬁ') compared with magnetic anisotropy and exchange cou-
pling. Interestingly, the AFM antiskyrmion in pristine CoCl,
is elongated to be transverse elliptical (r,/r, = 2.40) as strain
increases to 5% along the x-axis. When 5% strain is applied
along the y-axis, d)lf is greater than dﬁ (Table II), and the
longitudinal elliptical AFM antiskyrmion with r,/r, = 0.64
can be stabilized in CoCl, (Appendix 4). Similarly, ellip-
tical skyrmions have been observed experimentally in the
single-crystal film FeGe [49] and asymmetric magnetic mul-
tilayer Pt/Co/Ta [50], which is correlated to the perpendicular

-
N

i—Fe-t,
\—Fe-e
= p

o
T

'
(o]

Density of states (states/eV)
o

L
N

0

-1
Energy (eV)

'
N

FIG. 7. (a) Atom-projected density of states, and (b) schematic
diagram of the geometric evolution for Fel,. Black, red, and blue
lines represent the 1, (dyy, dy;, dy;) and e (d,2_ 2, d.2) orbitals of metal
atoms and p-orbitals of nonmagnetic elements, respectively. Purple
arrows in (b) indicate the resulting movement of the /,,, atom under
a tensile strain along the x-axis.
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FIG. 8. (a) Calculated phonon band structure for MnA, and CoA; (A = C1,Br,I) monolayers. (b) The evolution of the total internal energy
and structural snapshots after 8 ps during ab initio MD simulations for MnA, and CoA, (A = CI,Br,I) monolayers at 500 K.

magnetic anisotropy and anisotropic DMI strength. Further-
more, to demonstrate the necessity of mechanical properties
in those 2D magnets, we compare the magnetic parameters
of CoCl, with and without considering the NPR effect under
5% tensile strain along the x-axis, and the results are listed in
Table II. Obviously, the exchange coupling J; of CoCl, in-

creases and the strength of DMI decreases when the NPR
effect is not considered, which leads to a meandering domain
instead of the elliptical antiferromagnetic antiskyrmion, as
shown in Appendix 4. The clear distinction between topologi-
cal spin configurations shows that the NPR plays an important
role and cannot be neglected in MnA, and CoA; monolayers.
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Thus, the coexistence of anisotropic DMI and the NPR effect
in Mnl, and CoCl, monolayers leads to the formation of ellip-
tical antiferromagnetic antiskyrmions under uniaxial strain.

IV. CONCLUSION

In summary, we propose a series of two-dimensional an-
tiferromagnetic compounds with P4m2 crystal symmetry,
MnA; and CoA, (A = CLBr,I), with a large negative Poisson
ratios. The auxetic behavior is mainly dependent on the hy-
bridization between d-orbitals of metal atoms and p-orbitals
of nonmagnetic atoms. We further find that the absolute value
of anisotropic DMI along x- and y-axial can be modulated
by uniaxial strain under the influence of the NPR effect,
resulting in the appearance of an elliptical antiferromagnetic
antiskyrmion. The advantages of strain tunability, flexibility,
and miniaturization of these auxetic magnets can be used
to achieve unexpected topological magnetism and to design
skyrmionic devices with a simpler structure and higher effi-
ciency. Our work explores 2D auxetic materials with intrinsic
long-range magnetic order and anisotropic DMI, which pro-
vide a platform for designing topological chiral textures.
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APPENDIX

1. DOS and geometric evolution of Fel, with large PPR

We calculate the density of states of Fel, monolayer with
large PPR as a comparison to clarify the mechanism of Pois-
son’s ratio, as shown in Fig. 7. On can see that the e-p orbitals
coupling is obviously weaker than the MnCl, and CoCl,
monolayers in the [-1,0] energy range. The magnetic atom is
not subjected to compressive force in the z-direction, therefore
the structure will not be compressed in the z-direction and
stretched in the y-direction.

2. Phonon calculation, molecular dynamics, and external strain
adjustability

To verify the dynamics and thermal stability of MnA,
and CoA; (A = CLBr,I) monolayers, we perform phonon
dispersions and ab initio molecular dynamics implemented
in VASP. The real-space force constants are computed with a
large supercell (either 4 x 4 x 1 or 3,/2 x 3,/2 x 1) using
the PHONOPY code [35]. For an NVT (N is the number of
particles, Vis the volume, and T is the temperature) ensemble,
a4 x4 x I supercell witha 1 x 1 x 1 k-point grid is adopted
[36]. Figure 8 shows the phonon band structure and the evo-
lution of the total energy of these systems. The system energy
of auxetic magnets is summarized in Fig. 9 as a function
of strains. When the uniaxial strains are applied, the energy
difference between the system and ground state is smaller

—a— MnCl, »
90 f —— MnBr, /m
—o— Mnl, S
. --®--CoCl,
> -
T
£ _-..-. o 2 ’/I/
e )
Ul
W3t
0 L

FIG. 9. The energy variation in auxetic magnets MnA, and CoA,
as a function of different uniaxial tensile strains.

than 100 meV, which indicates that it is feasible to apply the
external strain in these auxetic magnets.

3. Calculations of K, J, and d,

(i) The magnetic anisotropy K is obtained by K = Ejgy —
Ego1, where Ejgp and Egy; represent the total energy with
magnetization along the positive direction of the x- and z-axis,
respectively. (ii)) To calculate the nearest-neighbor (NN) in
the x- and y-directions (J} and le ), and next-nearest-neighbor

AFM1

FIG. 10. Four spin configurations (FM, G-type AFM, vertical
stripe-type AFM, and horizontal stripe-type AFM) of a 2 x 2 x 1
supercell applied to calculate the nearest-neighboring (J and J7) and
next-nearest-neighboring (J,) exchange coupling parameters.
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FIG. 11. The next-nearest-neighbor exchange coupling J, of MnA, and CoA, (A = Cl1,Br,I) monolayers.

(NNN) exchange coupling (J»), the DFT total energy differ-
ence of four spin configurations, including FM, G-type AFM,
vertical stripe-type AFM, and horizontal stripe-type AFM,
is calculated in a 2 x 2 x 1 supercell (Fig. 10). The total
energies of these configurations are given by

Epm = —4J7 — 4.]{ —8J2 + Ey,
Eapvi = 4J7 +4J; — 81, + Ey,

Earpviz = 4J7 — 4J7 + 8, + Eo,
Eapvz = —4J7 +4J; + 84, + Eo. (A1)
J7,Ji, and J, are written as
o —Epm + Earvi + Earviz — Earvis
! 16 ’
P —Epm + Earvi — Earvie + Earvis
1 6 ;
—FEpv — E +E +E
g, = —Erv = Earwi + Earv + Earvs (A2)
32
(a) withNPR (b) With NPR

QA

The calculated NNN exchange coupling of MnA, and
CoA; (A = Cl1,Br,]) monolayers is shown in Fig. 11. (iii) In
calculations of the in-plane component of DMI strength d
(dﬁ), a4 x1x1(lx4x1)supercell and a I'-centered 4 x
16 x 1 (16 x 4 x 1) k-point mesh is adopted. We calculate
the chirality-dependent energy difference (CDED) between
the clockwise {(0 0 S), (S 0 0), (00—S5), (—S00)} and
anticlockwise {((00S5)), (—S00), (00 — §), (00S)} energy chi-
rality with SOC effects to obtain dj, dj = (Ecw—Eacw)/8. (iv)
To calculate the magnetic parameters by the qSO method, the
spin Hamiltonian for 2D magnets is

H=-KY (m3)’ — 7y Y_omi-mj— ) Dy (mi xm;),
i (i, ) (i)

(A3)
where m;(;) is the unit magnetization vector at position ry(;.
The DFT energy of a noncollinear homogeneous spin spi-
ral m = (sin(q - r), 0, cos(q - r)), with g being a spin spiral
vector, is calculated to obtain the in-plane component of D;;.

(c) Without NPR

FIG. 12. Real-space spin configurations of CoCl, with a negative Poisson ratio effect when the 5% tensile strain is along the (a) y-axis and
(b) x-axis, and (c) without NPR when the strain is applied along the x-axis.
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Then the system energy functional of ¢ is

E(@)=—KY lcos(qg-rl* —J;; Y_cos(g- (r; —r:))
i (L.

- ZD}’ sin(g - (r; —r:)). (A4)

(i,J)
Therefore, we can identify the DMI energy as

E(q) —E(—q)

AEpm(q) = )

= ZDx(y)Sin[q-(rj —rl,
(L.

(AS)
where Dy () > 0 (D) < 0) favors an ACW (CW) spin con-
figuration. When ¢ is along I'X and I'Y of a 2 x2 x 1
supercell and its magnitude g is close to O or £1, the rela-
tionship between AEpm(q) and g is AEpm(q) o< Dy(y)g. The
spin spirals that propagate along the NN magnetic atoms in
the x- and y-directions are shown in inset of Fig. 4(a). The

dﬁ(y) can be calculated as dﬁc(y ) = [%, where r represents

the lattice constant of a supercell. In our calculations, the
generalized Bloch theorem and spin-orbit coupling within the
first-order perturbation theory are employed. The full SOC
operator Hsoc determined by its component along the rotation
axis of the spiral, which is H;gg, is considered to include SOC
effects in a self-consistent way. We perform the gSO method
in conjunction with the VASP package.

4. Simulations of CoCl, under the external strain
with and without NPR

All atomic spin model simulations are performed using
the VAMPIRE package [48], which is extended to a 100 nm x
100 nm square with open boundaries. Figures 12(b) and 12(c)
illustrate the importance of considering the NPR in these
monolayers. Furthermore, the uniaxial strain is along the y-
direction, the magnetic parameters are shown in Table II, and
the elliptical AFM antiskyrmion can also be induced in CoCl,
monolayers [Fig. 12(a)].
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