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ABSTRACT: Two-dimensional black-phosphorus-like materials
with a re-entrant structure have been reported exhibiting positive
or negative Poisson’s ratio (NPR). However, uncovering the
underlying geometric—electronic interplay and identifying design
principles for NPR materials remain challenging. Using first-
principles calculations, we investigate 26 two-dimensional black-
phosphorus-like MX monolayers with 10 valence electrons (M =
cation, X = anion). Among them, PN, AsN, SbN, AsP, and GeSe
exhibit out-of-plane NPR. Geometric structure analysis using
machine learning links NPR to the variation of the X—M-X
bond angle (6) and M—X—X—X dihedral angle (¢). Under zigzag
(y)-direction strain, a larger reduction in ) and a greater increase
in ¢ are more favorable for NPR formation. Electronic structure
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analysis attributes the out-of-plane NPR under y-axis strain to the cation—anion p, orbital interaction. For NPR materials with the
same X element, a higher atomic number of M corresponds to a more negative Poisson’s ratio. This work advances the development

of novel materials with unique mechanical behaviors.

Negative Poisson’s ratio (NPR) is an auxetic mechanical
property’ characterized by a transverse expansion/
contraction in a material under vertical tensile/compressive
strain.” The unique phenomenon enhance the toughness,” >
shear strength,6_9 energy absorption characteristics,"°™ "3
effective sound/vibration absorption,“’13 and so on. Con-
sequently, NPR materials hold promise for applications in
mechanical engineering and micro/nanoelectronics devices.
Research studies on NPR have expanded from traditional
artificial structures'*~"” to the realm of two-dimensional (2D)
materials,57%° including the transition metal chalcogenides
MX,” and M,X; (M = Ni, Pd, X= S, Se, Te),”” wurtzite
monolayers,”” Pd-decorated borophene,* single-layer MoS,,””
and so on.**~** The NPR effect was initially attributed solely
to geometric structures, such as re-entrant structures,""z_35
flexible hinges,”**” and star-shaped structures.”® Recent
research reported that the auxetic effect in group-VI 1T-type
monolayer transition metal dichalcogenides (TMDs) is related
to the d-electron count.”” Yu et al. demonstrated that the NPR
of R-Cu,Se, monolayer can be attributed to the lone-pair
electrons and weak electronegativity of Se atoms.”® Later, Pan
et al. proposed that the auxetic mechanical behavior in 2D
transition metal selenides and halides originates from the
electronic structure.”” These studies highlight the role of the
electronic structure in auxetic behavior, as exemplified by
recent advances.””"!
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However, the influence of the interplay between the
electronic structure and geometry on Poisson’s ratio is
intricate. For example, despite the same valence electrons
and geometric configurations of 2D NiX, (X = S, Se, Te), only
NiTe, exhibits auxetic behavior.”” In another case, while the
2D black phosphorus (a-phosphorene) monolayer is recog-
nized as an NPR material,*® its isostructural counterparts, SnS,
SnSe, and GeS, exhibit NPR characteristics under strain along
the armchair direction. In contrast, GeSe exhibits positive
Poisson’s ratio characteristics. Therefore, the physical origin of
the NPR in these 2D materials is important for the design of
materials with similar structures and for their further
applications. Recently, Liu et al. identified a family of black
phosphorus-like structures 2D materials. These black phos-
phorus-like 2D materials, which possess ten valence electrons
with similar geometric structures, provide a platform to
investigate the roles of the electronic structures and geometry
factors in the intricate NPR phenomenon.
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In this work, using density functional theory (DFT) based
calculations, we investigated the mechanical characteristics of
26 black phosphorus-like 2D materials (MX) with 10 valence
electrons. Under strain along the zigzag (y) direction, five NPR
materials are identified: PN, AsN, SbN, SbP, and GeSe. By
applying a machine learning random forest model, we found
that the variations in the bond angle of X—M—X (6,) and the
dihedral angle of M—X—X—X (¢) are critical in determining
Poisson’s ratios. Specifically, a greater strain-induced reduction
in Oy and an increase in ¢ are more conducive to NPR
formation, which is further validated by 2D black phosphorus.
Electronically, the out-of-plane NPR under y-axis strain is
attributed to the interaction between the p, orbitals of the M
and X atoms. Additionally, we establish a correlation among
the elemental composition, structural parameters, and NPR
values. For NPR materials with the same anion element X, a
higher atomic number of M typically leads to a more negative
Poisson’s ratio. These findings reveal that the formation of
NPR in 2D black phosphorus-like systems is induced by a
combination of geometric configurations and electric struc-
tures, offering a valuable framework for the future design of
functional materials.

Poisson’s Ratio of MX Materials. A puckered structure
prototype based on 2D black phosphorus is used as a basis for
the exploration of 26 distinct 2D MX materials, where M
represents the cation and X represents the anion. All materials
possess ten valence electrons and exhibit high stability. To
fulfill the condition of ten valence electrons, the elements M
(X) originate from either group III or IV (VII or VI), or both
from group V. As illustrated in Figure 1(a), M serves as a
cation within the purple-shaded region, whereas X denotes an
anion within the pink-shaded region. Figure 1(b) presents the
top and side views of the puckered structure, exhibiting distinct
characteristics along the x (armchair) and y (zigzag) directions.
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Figure 1. Compositions, configurations, and Poisson’s ratio of 2D
black phosphorus-like materials. (a) The binary MX systems,
composed of a purple-shaded M atom and a pink-shaded X atom.
(b) Top and side views of the structures. The gray rectangle
represents the primitive cell. The h is the vertical distance between the
upmost and the bottom atomic layers. (c) Poisson’s ratio under strain
along the y-direction. The positive and negative Poisson’s ratios are
colored in purple and pink spots, respectively.
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The thickness of these monolayers, denoted as h, is defined as
the vertical distance between the top and bottom atomic layers.

The in-plane and out-of-plane Poisson’s ratios are
investigated under uniaxial strain from —2% to 2% along the
x- and y-directions, respectively. The detailed calculation
results of Poisson’s ratio are summarized in the Table SI.
Materials failing to maintain linear strain response within the
—2% to 2% range are excluded from the discussion. The out-
of-plane NPR (v,,) of materials such as SiS, SiSe, GeS, SnS,
and SnSe has been well discussed in previous studies** when
strain is applied along the x-directions. Here, we mainly focus
on the mechanism of NPR materials under y-axis strains.
Figure 1(c) shows Poisson’s ratio v,, under the y-axis strains.
Among the 26 materials, PN, AsN, AsP, SbN, and GeSe exhibit
out-of-plane NPR characteristics. Figure S1 shows the fitting
curves of the representative NPR materials.

To evaluate the potential influence of spin—orbit coupling
(SOC), we calculated the Poisson’s ratios of selected materials
with SOC included. The results show that SOC induces
negligible changes in both the lattice constants and the NPR
values, confirming its limited impact on the mechanical
response in this work (Figures S3 and S4 and Table S2).

Geometric Structure Effects on the Poisson’s Ratio.
The influence of the geometric structure on Poisson’s ratio was
explored. The bond lengths and bond angles in the geometric
structure intuitively correspond to the parameter h, which is
the vertical distance between the top and bottom atomic layers.
Under a y-axis tensile strain, the negative value of the Poisson’s
ratio in the z-direction is related to an increase in h in the
linear range. The change in h, Ah, can be expressed as Ah = I’
— hy (W' and hy represent the vertical distance at a 2% tensile
strain and without strain, respectively). The top figure in
Figure 2(a) is the side view of the geometric structure marked
with the bond lengths (d;, d,), bond angles (6, 0y, 0) and
dihedral angle @. Thus, Ah is further explored by performing a
mathematical derivation with consideration of bond lengths
and bond angles. The detailed mathematical derivation is
detailed in the Supporting Information (SI). All parameters
remain in the final equation, indicating that the influence of
each parameter on Ah is irreplaceable and that all the
structural parameters contribute to the Poisson’s ratio. Figure
2(b) presents the relation of the Poisson’s ratio and Ah. The
Poisson’s ratio is negative for the materials in the pink shaded
area, corresponding to an increase of h, that is, Ah is positive.

Next, since Ah is related to d;, d,, Oy, Oy, 6, and ¢, a
machine learning random forest model is employed to further
identify the primary factors and thus assess their impact on
Poisson’s ratio. Each material is characterized by six features
(variations in the above parameters) and a label Ah. The data
set is divided into a training set and a test set in a 4:1 ratio. As
shown in Figure 2(c), the training results reveal that the
weights of the parameters Ad;, Ad,, Ay, Aby, A6, and Ag
are 0.10, 0.08, 0.09, 0.27, 0.15, and 0.30, respectively. Figure S6
shows the Ah values calculated by DFT and those predicted by
machine learning. The scatters demonstrate a positive
correlation, thereby validating the accuracy of the model
Thus, the variations of bond angle 6y and dihedral angle ¢
play an important role in the positive and negative Poisson’s
ratio, while the impact of the bond length is relatively minor.

Figure 2(d) illustrates the relationships between v,, and
A6y, Ag, showing a relatively linear correlation. The results
indicate that a greater decrease in the bond angle 6y and a
larger increase in the dihedral angle ¢ under strain is more
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Figure 2. Structural features and machine learning-derived geometric parameter importance for Poisson’s ratio. (a) Side view of the geometric
structure marked with bond lengths (d,, d,), bond angles (6, 0%, 6), and the dihedral angle (¢). (b) Correlation between Poisson’s ratio v, and
Ah. The pink shaded area in the lower right corner marks the five NPR materials. (c) The influence weights of Ad,, Ad,, Ad,, Aby, 8, Af, and Agp
on Ah. (d) Relationship between v, and Ag (left panel) and that between v, and Aby (right panel), respectively. Black phosphorus (PP), an
NPR material, is included for validation and marked by the red-filled triangles.

favorable for the formation of the negative Poisson’s ratio. A
schematic diagram (Figure S7) is presented to illustrate the
movement directions of M and X atoms in NPR materials
under y-axis strain. The visualization helps to elucidate how the
atomic movements of M and X atoms collectively contribute to
the NPR responses observed in the material. To validate the
identified trends, black phosphorus (PP) is included as an
additional data point (the red-filled triangles in Figure 2(d)),
which falls along the linear correlations between Ag and the
Poisson’s ratio, as well as between Ay and the Poisson’s ratio.
However, while the Poisson’s ratio generally exhibits a linear
correlation with the variations in angles 6y and ¢, GeSe
deviates from this trend. Kong et al. previously proposed that
the outermost atomic layer of the Se atom is key to the NPR
formation in GeSe compared to other family members with M
atoms in the outermost layer.*’

Electronic Structure Effects on Poisson’s Ratio. To
gain deeper insights into the impact of the electronic structure
on NPR formation, we evaluated the orbital contributions of
cations and anions in the MX materials. By integrating the
projected density of states (PDOS) from E; — 0.5 eV to Ey we
determined the electron occupancy ratios of each orbital for
both M and X atoms. Specifically, we calculated the ratio of
electrons in the p, orbital to the total number of electrons in
the M atom as the electron occupancy ratio (M_p,). The ratios
are given in the first column of Table S3. Similarly, we
obtained the electron occupancy ratios for the X atoms. All of
the results are summarized in Table S3, and those for the NPR
materials are illustrated in Figure 3(a). It is found that in the

5822

NPR materials, including PN, AsN, AsP, and SbN, the
electronic states near the Fermi level originate predominantly
from the p, orbitals of both the M and X atoms. In contrast, for
positive PR materials, both the p, and other orbitals contribute
to the electronic states near the Fermi level. The distinction
suggests that p, orbital hybridization plays a critical role in the
electronic structure of NPR materials, potentially explaining
their unique mechanical properties.

To investigate the role of the orbital contribution in the
chemical bonding of the NPR materials, we analyzed the
bonding characteristics by analyzing the crystal orbital
Hamiltonian population (COHP). Figure 3(b) presents the
—COHPs for two inequivalent bonds (M;—X; and M,—X,) in
the MX material system. The results show that the M;—X,
bonds have stronger peak intensities than the M;—X; bonds in
all NPR materials and exhibit antibonding interactions.
Therefore, the M;—X, bond dominates the bonding in the
NPR materials. Moreover, the blue shaded region in Figure
3(b) indicates that the antibonding state in M;—X, close to the
Fermi level is mainly attributed to the interaction between the
p. orbitals of M; and X,. Figures S9—S12 depict the orbital-
resolved interactions (s, p,, p,, and p,) between M, and X,
atoms near the Fermi level, with main contributions from p,
orbitals highlighted using red stars. The results indicate that
the bonding between M, and X, atoms is predominantly
driven by the interaction between their p, orbitals, while the
contributions from the s and in-plane p orbitals are
comparatively minor.
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Figure 3. Electronic structures of the NPR materials and the strain-
driven mechanism of NPR formation. (a) Orbital contributions to the
PDOS on M and X atoms are close to the Fermi-level in the NPR
(PN, AsN, AsP, and SbN) materials within the energy range from E;
— 0.5 eV to E;. The upper panel shows the orbital contributions from
X atoms, while the lower panel shows those from M atoms. (b)
Crystal Orbital Hamiltonian Population (COHP) for the two
inequivalent bonds (M;—X; and M;—X,) in the NPR materials.
—COHP means the bonding interactions between the atomic orbitals.
The pink and blue solid lines correspond to the M;—X, and M,—X,
bonds, respectively. The blue shaded region indicates the COHP
interaction between the M,(p,) orbital and the X,(p,) orbital. (c)
Interaction between the M; (p,) and X, (p.) orbitals under strain
along the zigzag direction drives NPR formation.

Figure 3(c) further reveals the NPR formation mechanism
related to the interaction between M;(p,) and X,(p,). The out-
of-plane antibonding character arises from the interference
between p, orbitals with antiparallel phase alignment
(visualized by “+” and “—” signs in Figure 3(c)). Under
tensile strain along the y-direction, the material contracts in the
x-direction, resulting in a decrease in the interatomic distance
and an increase in the repulsive interaction. To lower the
system energy, the material expands along the z-direction to
mitigate the repulsive effect of the p,—p, antibonding
interaction. The resulting structural response leads to a
negative Poisson’s ratio. Thus, the out-of-plane antibonding
characteristics of the p,—p, orbital interaction drive the
expansion along the z-direction, ultimately leading to the
negative Poisson’s ratio behavior. The finding establishes a
fundamental link between the electronic structure and
mechanical properties of the NPR materials.

Correlation among the NPR Values, Structural
Parameters, and Elemental Composition. The struc-
ture—property relationship is analyzed by linking the NPR
values, structural parameters, and element compositions. As
revealed in Figure 4(a), the NPR value is negatively correlated
with bond length d; and positively correlated with bond angle
Oy, suggesting that longer bonds and smaller angles are
conducive to more negative NPR values. Figure 4(b) presents
a schematic diagram to track how the structural parameters
vary with the elemental compositions. For materials sharing
the same anionic element X, the cation element M moves
upward as the atomic number increases. The upward
movement pulls the neighboring X atoms closer, elongating
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parameters, and NPR values. (a) The v, bond length d;, and bond
angle 6); of PN, AsN, and SbN. As the atomic number of M increases,
the bond length (d,) increases and the bond angle (6y;) decreases,
while the material exhibits a more negative Poisson’s ratio v,,. (b)
Schematic diagram of the element—structural correspondence feature:
for the same X, the structure of MX evolves as the atomic number of
M increases from M; to M,”. (c) The elemental electronegativity and
radius of B, As, and Sb. The electronegativity decreases with the
increase of radius. (d) The PDOS for cations (P, As, Sb) in MN
materials (upper panel) and the corresponding charge density
distribution in the energy range from E—2 eV to E; (lower panel).

the bond length d; while reducing the bond angle 6. A
representative example is the MN series (M = P, As, or Sb),
where the structural evolution follows PN (shortest d;, largest
0,) — AsN — SbN (longest d;, smallest 6,,). By linking the
NPR-structure correlation in Figure 4(a) with the structure—
composition trend in Figure 4(b), it follows that within the
same X element a higher atomic number of M leads to a more
negative NPR.

The above mechanism is further explored by examining the
variation of the electronegativity and the lone-pair electron
cloud distribution. Figure 4(c) shows that the atomic radius
increases, while the electronegativity decreases as M changes
from P to As and then to Sb. The decrease in electronegativity
weakens the electron affinity, thereby reducing M—X bonding
interactions. Figure 4(d) shows the PDOS of M (P, As, and
Sb) atoms in MN materials, where the DOS peaks for s and p
orbitals exhibit clear overlaps. The lower panels show the
corresponding charge density distribution in the energy range
from E¢ — 2 eV to E¢. As M changes from P to Sb, the lone-pair
electron cloud distributions on M and X get far away from each
other, reducing the repulsion interaction between M and X.
The dual effects of decreasing electronegativity and expanding
the lone-pair electron cloud distribution drive structural
distortion including bond angle (6y,) contraction and bond
length (d;) elongation. As the bond length increases and the
M-X bonding becomes weaker, the material will have a more
pronounced response to external strain. Consequently, the
change in bond angle (Af)) before and after the strain
application is more significant. Notably, the larger A6y
correlates with the machine-learning based results in Figure
2(d), where a more negative Ay corresponds to a more
negative PR ratio. Overall, for NPR materials, changes in
atomic number lead to alterations in the electronic and
geometric structure, ultimately modulating the Poisson’ s ratio.
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In conclusion, using DFT calculations, we identified five out-
of-plane NPR (under y-axis strain) materials from 26 black
phosphorene-like candidates with 10 valence electrons: PN,
AsN, SbN, AsP, and GeSe. A machine learning model
demonstrates that the variations in the bond angle and
dihedral angle strongly influence the NPR. The out-of-plane
NPR under the y-axis strain is attributed to the interaction
between the p, orbitals of M and X atoms. Furthermore, within
NPR materials featuring the same anion element X, a higher
atomic number of M corresponds to a more negative Poisson’s
ratio. These findings provide valuable insights for under-
standing the NPR formation mechanism of 2D materials,
offering a foundation for future research in advanced material
design and applications in flexible electronics and strain-
engineered devices.

Density functional theory calculations were performed using
the Vienna ab initio simulation package,"*~* employing the
Perdew—Burke—Ernzerhof (PBE) functional within the
generalized gradient approximation.”” The MX materials
contain two cation atoms and two anion atoms per primitive
cell with a Pmn21 space group. The vacuum length for the
system is larger than 1S A in the z-direction to avoid the
interaction between neighboring layers. The energy cutoff for
the plane-wave basis set is 750 eV. An 18 X 18 X 1 I'-centered
k-point set is utilized for sampling the Brillouin zone. All DFT
calculations were performed until the energy and forces on the
ions less than 1077 eV and 0.001 eV A~ respectively.

The Poisson’s ratios were obtained by linearly fitting the ¢;
and ¢; using the following equation:

E = —UVE;

1 ﬂl (i)j=x;)’;z)

where v; is the Poisson’s ratio and ¢; is the applied strain along
the i-direction, while ¢; is the resultant longitudinal strain along
the j-direction, respectively.

The key factors influencing Poisson’s ratio are identified by a
Random Forest machine learning model. The data set
comprises five features: variations in two bond lengths and
variations in three bond angles. The data set is divided into
training and testing sets in a 4:1 ratio. The training results are
evaluated through the linear correlation between the predicted
and calculated values.
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