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The auxetic effect in two-dimensional (2D) materials can not only enhance their mechanical properties
but also brings additional tunability of their physical properties. Here, we employ density-functional-
theory calculations to report on a class of auxetic 2D magnets, namely, the squarely packed transition
metal dichlorides MCl, (M = Ti, V, Mn, Fe, Co, Ni). These magnets are dynamically stable and exhibit an
intrinsic in-plane auxetic effect. Meanwhile, the transition metal disulfides MS, (M =V, Cr, Mn) with the
same crystal structure exhibit a positive Poisson’s ratio. This indicates that the auxetic effect in MCl; is not
merely dominated by the crystal structure. We attribute the occurrence of such auxetic behavior to the
weak bond stiffness governed by electronic coupling between nearest-neighboring atoms. We find that
magnetic ordering of 2D magnets with an auxetic effect is robust under external strain due to the protec-
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tion of super-exchange interaction coming from the auxetic effect. Super-exchange interaction is sensi-
tive to the symmetry of the crystal structure while the auxetic effect can mitigate the variation of such
symmetry. The abundant magnetic properties in combination with the auxetic effect exhibit potential for

Published on 24 april 2023. Downloaded on 27.06.2024 08.42.18.

rsc.li/nanoscale novel nanodevice applications.

Introduction

Intrinsic magnetism in two-dimensional (2D) layered materials
has attracted tremendous interest for potential application in
nanodevices."™ In the process of nanodevice fabrication,
especially for flexible magnetic devices, 2D layered magnets
can be subjected to strain, which will affect the performance
of the designed devices.”® Meanwhile, the magnetic pro-
perties of 2D layered magnets, such as Curie temperature,
magnetic anisotropy and magnetic exchange coupling, are
relatively sensitive to this strain.”* For example, the Curie
temperature of 2D Cr,Ge,Ses can be up to room temperature
(from 144 K to 326 K) under 3% strain,'® the spin orientation
of CrPbTe; transitions from in-plane to out of plane under 4%
compressive strain,'® the ferromagnetism of Fe;GeTe, is wea-
kened by compressive strain,’”” and Crl; undergoes magnetic
phase transition to a different AFM ordering under different
magnitudes and directions of in-plane strain.®

The auxetic effect,”® which relates the resulting lateral
stretch/compression to the applied transverse tensile/compres-
sive axial strain, can result in enhanced mechanical properties,
including shear modulus,* indentation resistance®! and frac-
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ture toughness.”” The auxetic effect has been predicted or
observed in several 2D materials, such as phosphorene, GesS,
monolayer arsenic and penta-graphene.>*>® Associated with
the enhanced mechanical properties, the in-plane auxetic
effect is maintained and the crystal symmetry of 2D materials
is less affected, and hence they retain their electronic
properties.>**° Therefore, 2D layered magnetic materials with
the auxetic effect may exhibit robust magnetic ordering for the
designed devices.

In this paper, we report a new class of 2D layered magnetic
materials, the squarely packed transition metal dichloride
MCl, (M = Ti, V, Mn, Fe, Co, Ni) with auxetic effect and tran-
sition metal disulfide MS, (M = V, Cr, Mn) with non-auxetic
effect. The squarely packed materials are reported to exhibit
the auxetic effect due to their crystal structure.”*?"*? By
employing density-functional-theory calculations, we find that
the intrinsic in-plane auxetic effect in transition metal dichlor-
ides originates from not only the crystal structure but also the
electronic structure. The projected density of states calcu-
lations reveal that the hybridization of M and Cl elements is
weaker than that of M and S elements. The different stiffnesses
of hybridization lead to different bond stiffnesses and further
induce the movement of X atoms along the lateral direction
via the release of strain energy under transverse axial strain.
Hence, the occurrence of auxetic behavior is dominated by the
bond stiffness governed by electronic coupling. Moreover, MX,
with the auxetic effect exhibits stable magnetic ordering when
a mono-axial strain is applied, which can be attributed to the
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protection offered by super-exchange interactions. Super-
exchange interactions, which determine magnetic ordering,
are sensitive to such symmetry. Therefore, stretch in the lateral
direction in an auxetic material mitigates the variation of
crystal symmetry, thus preventing the change of super-
exchange interactions from FM to AFM under transverse
tensile strain. These new 2D magnets with stable magnetic
ordering under external strain exhibit potential applications in
flexible magnetic devices.

Results and discussion
Crystal structure

The single layers of transition metal monochlorides/monochal-
cogenides are formed by a squarely packed layer of metal (M)
atoms sandwiched between two layers of chalcogen/sulfur (X)
atoms. Each metal atom is connected to four chalcogen/sulfur
(X) atoms, constituting a tetrahedron-like bulk SiO,, as shown
in Fig. 1(a). Their dynamic stability has been analyzed by cal-
culating the phonon spectrum, which is shown in Fig. S1.7 All
the structures of chlorides except CrCl, are dynamically stable.
Although there is a small acoustic imaginary mode near the I'-
point for MnCl, and FeCl, monolayers, this instability can be
considered as that against long-wavelength transverse waves,
and can be removed by ripples in structures. The similar struc-
ture observed in thin films has been synthesized using mole-
cular beam epitaxy (MBE) on a substrate.***

The magnetic ground state is evaluated by considering
various magnetic configurations, ie., ferromagnetic (FM),
D-type antiferromagnetic (D-AFM) and G-type antiferro-
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magnetic (G-AFM), and non-magnetic (NM) ordering, respect-
ively, as shown in Fig. 1(b). Here, the D-AFM and G-AFM rep-
resent the magnetic strip lying along the [100]° and [110]°,
respectively. NM ordering is energetically favorable for ZnCl,
and TiS,, while the other materials exhibit FM or G-AFM
ground states. The relative energies calculated for the FM and
two AFM configurations are listed in Fig. 1(c). FM ordering
tends to be the ground state when M is Ti, V, Cr, Ni or Cu,
whereas G-AFM ordering is more stable for MnCl,, FeCl, and
CoCl,.

Poisson’s ratio

Fig. 2(a) shows our calculated a negative ratio of resulting
strain and applied strain —ep/e, for 10 MX, compounds in the
y-axis direction when the strain is applied along the x-axis
direction from 2.5% compressive strain to 2.5% tensile strain.
Remarkably, we find that the sign of the strain ratio is strongly
related to the X elements. All MCl, compounds exhibit a nega-
tive strain ratio, ranging from —0.05 to —0.50. In particular, the
strain ratio of VCl, is —0.50, which is much larger than that of
the other 2D auxetic materials, making it a promising candi-
date in mechanical nanodevice applications. However, MS,
compounds exhibit a positive strain ratio of around 0.2. The
difference in strain ratios between MCI, and MS, indicates
that MCI, exhibits the auxetic effect while MS, does not
although they share the same crystal structure.

We further plotted the calculated —e/e, values for VCI,/VS,
and MnCl,/MnS,, as shown in Fig. 2(b) and (c). The values of
—eple, and —e,/ep should be identical due to the isotropic
crystal structure; however, here only, the —ep/e, value is con-
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Fig. 1 Structure and magnetic states of monolayer MX. (a) Overview and sideview of monolayer MX, where the dark yellow and the green balls indi-
cate the transition metal atoms and sulfur or chlorine, respectively. (b) Schematic top view of three possible magnetic orders of MX: FM order,
checkerboard AFM order and collinear AFM order. The red and black arrows represent the up and down spins of transition metal atoms, respectively.

(c) The magnetic order in the ground state of MX.

9366 | Nanoscale, 2023, 15, 9365-9371

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr01458d

Published on 24 april 2023. Downloaded on 27.06.2024 08.42.18.

View Article Online

Nanoscale Paper
(@)
02} . . .
o1l MCl,
{: 0 P T T e e S G vEe sy IAUUI USSR
\L’JQ o n - n
| -01}
L}
02+
03} MS,
04}
05+ .
Ti \Y Mn Fe Co Ni V Cr Mn
b c
( ) 02— ( )0420 ——
0.1} 0.15
0.0+ 0.10
Rl Vs . 0.05F —e_MnS,
~N o092 T U —=— MnCl
302 ua X 000} ——wnc,
| -0.3F | -0.05 e e -
0.4 0.10
I/. /
05f e \_/_ﬁ e -0.15

-0.6 .
-0.03 -0.02 -0.01 0.00 0.01
Strain €, (%)

0.02 0.03

_0.20 1 1 1 1 1
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
Strain €, (%)

Fig. 2 Auxetic effect. (a) —ep/e, of MX, where the black and red dots indicate MCl, and MS,, respectively. (b) —¢p/e, Of VCl, and VS, with the strain
range from —2.5% to 2.5%. (c) —ep/e, of MNCl, and MnS; with the strain range from —2.5% to 2.5%.

sidered for the auxetic effect calculation. For all compounds,
the auxetic effect varies slowly with external strain between
—2.5% and 2.5%. VCl, exhibits the most significant auxetic
effect, in which the negative strain ratio ranges from —0.45 to
—0.55. The variation in Poisson’s ratio indicates a linear elastic
stress response within the strain range considered. The non-
linear stress response of VCl, can be attributed to the soft
mode from phonon dispersion, which leads to a smaller linear
response region. Hence, the type of X element in MX,, which
can be attributed to the electronic structure, determines the
existence of the auxetic effect. Similar phenomena have also
been found in TMD materials.?”

To understand how the electronic structure affects the sign
of the Poisson’s ratio, we calculate the projected density of
states (DOS) of the d orbital of the M atoms and the p orbital
of the X atoms, respectively. Here we use VCl,/VS, and MnCl,/
MnS, as examples, as shown in Fig. 3(a) and (b). The majority
of p orbitals of Cl compounds in MCI, are located at the deep
states, which are far away from the Fermi level, whereas the
majority of d orbitals of M compounds in MCl, are near the
Fermi level. Comparing with Cl, the p orbitals of S are near the
Fermi level, and exhibit stronger p-d hybridization. The
hybridization of M-S is stronger than in M-Cl, and the
different hybridization stiffnesses indicate different M-X bond
stiffnesses, and hence M-S bonds exhibit a stronger bond
stiffness than M-Cl bonds due to the stronger coupling of p-d

This journal is © The Royal Society of Chemistry 2023

orbitals. Meanwhile, VCI, exhibits weaker p-d orbital bonding
than MnCl,, which causes the stronger auxetic effect.

To further understand the underlying mechanism respon-
sible for the dichotomy between auxetic and non-auxetic be-
havior, a schematic of the deformation mechanism is plotted
as shown in Fig. 3(c) where the tensile strain is applied along
the x-axis direction. The M atom will be less likely to maintain
the bond length with the distance increase of X atoms along
the x direction, and this leads to an increase of 6, and decrease
of 6,. Here, the strain energy is stored in the four M-X bonds,
6, and 0,, which will be released in the subsequent step. The
second step determines the sign of the Poisson’s ratio. In the
second step, the strain energy of MCl, stored in the increased
6, can be transmitted to the decreasing 6, through the elastic
M-CI bonds; thus the decrease in 6, releases the strain energy
through the increase of 6, and leads to the auxetic effect.
However, the strain energy of MS, stored in the increased 6, is
released simultaneously due to the rigid M-S bonds, and the
strain energy caused by the movement of M compounds is
released through the decrease of M-S bond length in the
resulting strain direction, further resulting in the decrease of
6,, and leading to the non-auxetic effect.

Stability of magnetic ordering under strain

The magnetic properties can usually be tuned by strain, and
even lead to magnetic phase transitions. 2D magnets undergo

Nanoscale, 2023,15, 9365-9371 | 9367


https://doi.org/10.1039/d3nr01458d

Published on 24 april 2023. Downloaded on 27.06.2024 08.42.18.

Paper

—~~
Q
N

—V-d

S-p V82

Density of state

Stretch along the x direction

View Article Online

Nanoscale

—~
O
N

Density of state

Positive Poisson’s Ratio

O,,,,

Fig. 3 Deformation mechanism. (a) DOS of VS, (upper panel) and VCl, (lower panel), (b) DOS of MnS, (upper panel) and MnCl, (lower panel),
where the blue, black and red lines indicate the s and d orbitals of V/Mn atoms, and p orbital of S/Cl atoms, respectively. (c) Deformation mechanism
of MX, where the grey and cyan arrows indicate the movement of X atom and M atom, respectively.

external strain when used in nanodevices. Hence, the stability
of the magnetic ground state of 2D magnets can influence the
performance of the nanodevices when the external strain is
induced due to the mismatch of different composites.
Moreover, 2D magnets and other components of the nano-
devices are usually arranged via one side, and thus the 2D
magnets undergo monoaxial strain. Here we use VCl, and VS,
as examples to indicate that 2D magnets with the auxetic effect
exhibit higher stability when a monoaxial external strain is
applied. According to our previous calculation, both VCl, and
VS, exhibit ferromagnetic ground states. We then apply 1-4%
compressive and tensile strains along the x-axis, as shown in
the inset image of Fig. 4(a). The energy difference of FM and
D-AFM is shown in Fig. 4(a). With the increase of compressive
strain up to 4%, the energy difference of VS, decreases from
0.09 eV per u.c. to 0.075 eV per u.c., while a similar phenom-
enon is also found when the tensile strain is applied, when the
energy difference is 0.08 eV per u.c. with 4% tensile strain.
This indicates that the stability of the magnetic ground states
of VS, gradually becomes lower when external strain is
applied. However, the energy difference of VCl, becomes
almost constant (around 0.11 eV per u.c.) when the external
strain is applied, which indicates that the FM ground state is
stable with external strain.

9368 | Nanoscale, 2023, 15, 9365-9371

To explain the different stabilities of magnetic ground
states under strain of VCl, and VS,, we plotted the change of
the M-X-M bond angle along the x- and y-axis directions (6,
and 6, for the x- and y-axis directions, as shown in the inset
image of Fig. 4(a)) of VCl, and VS, with different external
strains, respectively. As shown in Fig. 4(b), the trend of 0, is
identical to that of 0, for VCl,, where 6; and 0, increase with
the tensile strain and decrease with the compressive strain,
whereas the trend of 6; and 6, is in contrast for VS,. This
difference can be attributed to the auxetic effect of VCI, and
non-auxetic effect of VS,. Since the magnetic properties are
due to electron-electron interactions, the relative position of
M atoms and the nearest neighbor X atoms can change the
magnetic ground states via the changing strength of electron-
electron interactions.

The underlying physics of the magnetic ground states can
be effectively described by the super-exchange interaction (SEI)
with the nearest neighbor M atoms mediated by the X 3p
orbital. Here, each d-p-d super-exchange interaction path can
be viewed as the competitive interaction between 6 = 180° and
90°, as shown in Fig. 4(c). When 6 is 180°, M;-X-M, can be
viewed as sharing the same main axis, which indicates that the
Po orbital for Cl in the M;-X bond is also the p, orbital for X
in the M,-X bond while p, follows the same rule. Given the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Stability of magnetic ground states under strain. (a) The energy difference of VCl, and VS, under external strain from —4% to 4%, where Egi¢t
= Erm — Ep-arm- The inset image indicates a schematic of monoaxial strain along the x direction. (b) The change of §; and 6, of VCl, and VS, under
external strain from —4% to 4%, where 6; and 6, indicate the of M—X—M bond angle along the x- and y-axis directions, respectively. (c) Diagrams for
super-exchange paths between the nearest-neighbour M 3d orbitals via X 3p ligands with different angles.

orbital symmetry relationship, the t,, orbital bonds with the
Po orbital, while the e, orbital bonds with the p, orbital. The
SEI can only be accessible through the t,,~ps—t;; path and the
€,~Pr€; path. Based on the Pauli exclusion principle, the elec-
tron jumps through the SEI path and forms an AFM inter-
action. The interaction is different when 6 is 90°, when M;-X-
M, can be viewed as occupying a different axis, and the SEI
path becomes tyo—ps/pPr—€s and eg—Pr/Po—tzg. Since p, and pr
are different orbitals, the electron jumps through the SEI path
and forms an FM interaction based on Hund’s rule, as shown
by the dashed lines in Fig. 4(c).

Hence, the FM ground states of VCl, and VS, indicate that
the two SEI paths are competitive and the t,o—ps/pr—€g path
dominates the SEI. When the external strain is applied, 6; and
6, change and exhibit different trends for VS,, which indicate
the break of crystal symmetry. The large variation of symmetry
can more easily cause the SEI path along the y direction to
change to the t;,—ps—t,, path and induce the instability of the
FM interaction. However, 0; and 6, of VCl, exhibit identical
change trends due to the auxetic effect, and the crystal sym-
metry is less affected. The auxetic effect weakens the change in
the SEI path and promotes the stability of FM ground states.

Conclusion

We investigated the mechanical and magnetic properties of a
family of 2D layered magnetic material transition metal
dichlorides, MCl,, with the auxetic effect. In particular, the
Ti,, V, and Ni compounds exhibit ferromagnetic ordering
while the Mn, Fe and Co compounds exhibit antiferromagnetic
ordering. Among the MCI, compounds, VCI, exhibits the
largest negative Poisson’s ratio (—0.5). In contrast, with many

This journal is © The Royal Society of Chemistry 2023

auxetic materials, the Poisson’s ratio of MCl, compounds also
depends on the electronic structure, especially p-d orbital
hybridization. Weak hybridization stiffness induces weak bond
stiffness; hence the strain energy is stored in the bond instead
of the angle and leads to the auxetic effect. Meanwhile, the
auxetic effect can promote the stability of magnetic ground
states under external strain, which can be attributed to the pre-
vention of changes to the super-exchange interaction path.
Our work enriches the knowledge of 2D magnets and paves a
new way to maintain the stability of magnetic ordering for
future nanodevice applications.

Computational methods

The calculations were performed using the Vienna ab initio
simulation package (VASP).>***” The projector augmented wave
(PAW) method was applied.*®>° A plane wave basis set with a
cutoff energy of 700 eV was used to expand the wave functions.
For the exchange and correlation, we mainly employed the
Perdew-Burke-Ernzerhof (PBE) functionals.*’ Atomic coordi-
nates were fully optimized until the forces were smaller than
0.001 eV A™*. We used a vacuum spacing of 20 A, which
reduced the image interactions caused by the periodic bound-
ary conditions. The Brillouin-zone integration was carried out
using 24 x 24 x 1 Monkhorst-Pack k-point meshes for the
monolayer MX,. The structure figures were produced using
VESTA.
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