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ABSTRACT

The auxetic effect and topological phase transition are interesting mechanical and electronic properties of some materials, respectively.
Although each has been extensively studied separately, no material has been identified to possess both properties simultaneously. Here, we
report that a two-dimensional phosphorous nitride monolayer simultaneously possesses auxetic behavior and undergoes a topological phase
transition under tensile strain. The monolayer has a normal-auxeticity mechanical phase transition when a tensile strain above 0.055 is
applied along the P–P zigzag direction. The negative Poisson ratio can even approach as abnormally high as �0.60. Furthermore, the mate-
rial is an intrinsic Dirac material, but a phase transition from the semi-Dirac material to Dirac material is observed at nearly the same critical
tensile strain as that in auxetic phase transition. An electronic orbital analysis reveals that the simultaneity of the normal-auxeticity phase
transition and topological phase transition originates from the variation of orbital hybridization around the Fermi level.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096247

The peculiar mechanical, thermal, electrical, optical, and other
physical phenomena of materials continue to attract researchers to
explore the mysteries and beauty of nature.1,2 The auxetic effect is one
of these peculiar mechanical phenomena.3–6 Poisson’s ratio (PR), a
mechanical quantity, describes the negative ratio of transverse strain to
longitudinal strain.7 Most materials have a positive Poisson’s ratio
(PPR), which means that they undergo a transverse contraction
(expansion) when stretched (compressed).8 In contrast, some
materials with negative Poisson’s ratio (NPR), i.e., the so-called auxetic
materials, expand laterally when stretched and contract laterally when
compressed.9–12 Auxetic materials can be classified into different cate-
gories. Some materials have an auxetic effect on several directions,
while others only have the effect along one certain direction.13 Some
materials are half-auxetic because they exhibit auxetic phenomena
only under a certain compressive or tensile strain.14,15 Furthermore,
some materials have transition of auxetic effect, i.e., when a critical
strain is applied, they will experience a transition from a PPR to
NPR.16 Graphene is a type of material that belongs to the last
category.17 It transits from normal to auxetic phase when a tensile
strain above 0.06 is applied along the armchair–chain direction. There
is a magic angle (about 11� to the armchair direction) for auxeticity
that, above this angle, the auxetic phase transition disappears.18 In

nature, auxetic materials are quite rare compared to normal materials.
However, their unusual mechanical behaviors have attracted signifi-
cant attention owing to their unique properties for both fundamental
research and potential applications in biomedicine,19 fasteners,
sensors,20 national security,21 defense,22 and other fields.

Regarding electronic properties, topological phases and topologi-
cal materials have been a focus of research for the past two
decades.23–25 Topological materials can be classified into three catego-
ries: topological insulator, topological semimetal, and topological
metal.26–28 Topological semimetals can be further divided into Dirac
semimetal,29–32 Weyl semimetal,33,34 and nodal-line semimetal.35,36

The topological phase transition can be induced by an external strain
on a topological material.37–39 For example, a two-dimensional (2D)
semi-Dirac semimetal evolves into a Dirac semimetal when a tensile
strain is applied to silicene oxide;38 a nodal-line semimetal evolves into
a Dirac/Weyl semimetal when a strain destroys the symmetry of the
topological material.40,41 These studies indicate that the electronic
properties are strongly correlated with the mechanical properties.
However, to date, there is no report on any material that possesses
auxeticity and topological phase transition simultaneously.

Here, we investigate the mechanical and electronic properties
of a monolayer phosphorous nitride (PN) made of zigzag chains.
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The result shows that there exists an auxetic effect when a tensile strain
above 0.055 is applied to the 2D structure along the P–P zigzag direc-
tion. The NPR can even approach �0.60. There is no auxetic effect
when a compressive/tensile strain is applied in other directions. More
interestingly, when the auxetic effect occurs, a topological phase transi-
tion from a semi-Dirac semimetal to a Dirac semimetal also occurs
simultaneously. An analysis of variations of orbital hybridization
under strains explains the changes in electronic and mechanical
properties.

Density functional theory (DFT) first-principles calculations
have been carried out using the Vienna ab initio simulation package
(VASP).42,43 Exchange correlation functionals are processed by the
Generalized Gradient Approximation (GGA)44 proposed by Perdew
and Burke and Ernzerhof (PBE).45 The projector-augmented plane
wave (PAW) approach46,47 is used to describe the ion–electron inter-
action. The plane wave cutoff energy is 600 eV. The convergence crite-
rion of the force on each atom is 0.001 eV/Å. The energy convergence
is achieved when the difference between two successive electronic
energies is less than 1� 10�6eV. In order to eliminate an artificial
layer–image interaction under periodic boundary conditions, a 20 Å
vacuum layer is used in the z direction. The geometric optimization
and self-consistent calculation of the initial structure are carried out by
a 11� 13� 1 Monkhorst Pack k-point grids. Under uniaxial loading,
the stress–strain curves are calculated. The uniaxial strains along x and
y are defined as ex ¼ ða� a0Þ=a0, ey ¼ ðb� b0Þ=b0, respectively,
where a0 and b0 are lattice constants free of strain, while a and b are
lattice constants with strains. Strain–strain curves are fitted by a
fourth-order polynomial. The PRs along x and y directions are com-
puted by �dex=dey and �dey=dex . To assess the lattice dynamical
instability, the phonon dispersion curves are determined within the
framework of the finite displacement method as implemented in the
PHONOPY code.48

The atomic structure of monolayer PN is shown in Figs. 1(a) and
1(b). The 2D structure is made of zigzag chains along both x and y

directions. The P and N atoms form alternative zigzag chains along y
the direction, while the P atoms form zigzag chains along the x direc-
tion, as shown in Fig. 1(b). The structural space group belongs to
Pmma (D5

2h). The primitive cell is shown in Fig. 1(c), where the lattice
constants are labeled as a and b. The lengths of bonds N–P and P–P
are labeled as l1 and l2, while the next-nearest-neighbor distances
between the atoms in the zigzag chains along y and x directions are
labeled as l3 and l4 [see Fig. 1(b)]. The thickness of the monolayer
structure is labeled as d. After structural optimization, the structural
parameters free of strain can be obtained. The lattice constants are a0
¼ 3.61 and b0 ¼ 2.73 Å. The length of bonds N–P and P–P is l10
¼ 1.61 and l20 ¼ 2.29 Å, respectively. The next-nearest-neighbor dis-
tance between the atoms in the zigzag chains along y and x directions
is l30¼ 2.73 and l40¼ 3.61 Å, respectively. The thickness of the mono-
layer structure is d0¼ 3.12 Å.

We have first calculated the elastic constants of the monolayer
structure. Our results are C11 ¼ 54.05, C12 ¼ 7.09, C22 ¼ 268.54, and
C66¼ 23.71N/m. They satisfy the Born stability criterion for an ortho-
rhombic system: C11 > 0, C22 > 0, C66 > 0, and C11 þ C22 � 2C12

> 0. According to these quantities, the Young’s modulus Y and shear
modulus G can be obtained. The in-plane Young’s modulus along x
and y axes is Yx ¼ 53.86 and Yy ¼ 267.61N/m, respectively. The shear
modulus is G¼ 23.71 N/m. These results indicate that the 2D material
possesses good flexibility and strong anisotropic mechanical proper-
ties. We also calculate the stability of the structure under strains. The
results are shown in Fig. S1 in the supplementary material. The mono-
layer structure is stable when the uniaxial strains ex and ey are in the
ranges (�0.05, 0.17) and (�0.05, 0.23), respectively.

We then explore mechanical responses of the 2D material to the
applied uniaxial strains. When a uniaxial strain ex is applied along x
axis, the corresponding variations of structural parameters l1, l2, l3,
and l4 are shown in Fig. 2(a). The length l2 of bond P–P and the next-
nearest-neighbor distance l4 between P atoms change linearly with
the strain rapidly. This is because the bonds P–P extend along the

FIG. 1. Atomic structure of monolayer PN
on the top view (a) and side view (b),
where the purple and blue spheres repre-
sent P and N atoms, respectively. The lat-
tice constants are labeled as a and b in
(a). The lengths of bonds N–P and P–P
are labeled as l1 and l2 in (c), while the
next-nearest-neighbor distances between
the atoms in the zigzag chains along y
and x directions are labeled as l3 and l4,
respectively. The thickness of the mono-
layer structure is labeled as d. (c) A primi-
tive cell of the PN structure.
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x direction. Thus, a tensile strain (ex > 0) results in l2 and l4 increasing
while a compressive strain results in decreasing. However, the two
lengths l1 and l3 seem insensitive to the strain ex . It indicates that the
strain along x direction nearly has no effect on the bonds P–N along
the y direction. Figure 2(b) presents resultant strain ey along the y
direction with the variation of the applied strain ex . This further illus-
trates that the effect of applied strain ex on structural deformation
along the y direction is very weak, because ey is close to zero. As a
result, the Poisson’s ratio is nearly equal to zero.

Figure 2(c) shows the variations of structural parameters when a
uniaxial strain ey is applied along the y direction. To accommodate the
strain, the length l1 of bond P–N and l3 monotonically changes with
ey , because the bond P–N extends along the y direction. Different
from Fig. 2(a), the strain ey causes significant changes of l2 and l4, i.e.,
the strain along the y direction leads to substantial structural deforma-
tion along the x direction. Moreover, the variations of l2 and l4 are
non-monotonic. In the case of a compressive strain along the y direc-
tion (ey < 0), l2 and l4 increase with the strength of the strain. This is a
normal mechanical response of a material with PPR. In the case of a
tensile strain along the y direction (ey > 0), l2 and l4 decrease first and
then increase with ey . The transition point is around ey ¼ 0:055. This
indicates that, when ey > 0:055, a tensile strain results in the structure
expanding in the perpendicular direction, i.e., auxeticity. To clearly
show the auxeticity, Fig. 2(d) shows ex and PR with the variation of ey .
The variation of ex is a U-shaped curve, and the minimum value is at

the point ey ¼ 0:055. The PR is negative when ey > 0:055. The NPR
value can be as abnormally large as �0.60 (60%). The stress–strain
curves and the changes in total energy with strains are given in Figs.
S2(a) and S2(b) in the supplementary material, respectively.

In addition, we investigate the mechanical response of the struc-
tural thickness d. The variations of d under a uniaxial strain ex and ey
are displayed in Fig. S2(c) in supplementary material, respectively. No
auxetic effect is found according to the variations of the curves.

The monolayer PN is an intrinsic Dirac material.49 Figure 3(a)
shows its orbital projected band structure in the strain-free status.
Along U-Y, there is a Dirac point D1 on the spectrum. The location of
the Dirac point in the first Brillouin zone (BZ) is illustrated in
Fig. 3(d). Another Dirac point D2 is a symmetry point of D1 because
of the time reversal symmetry. Therefore, the structure is a Dirac
material with two Dirac points.

To study the coupling of the auxeticity and topological phase
transition, we calculate variation of electronic properties of the struc-
ture under ey . We find that the two bands which named B1 and B2
around the Fermi level along U-Y become closer with an increase in a
tensile strain ey . When the value ey is around 0.055, the two bands
contact together and then a crossing point Q1 is formed, as shown in
Fig. 3(b). As mentioned below, Q1 is a semi-Dirac point rather than a
Dirac point. The original Dirac points D1 and D2 are insensitive to the
strain. As a result, there are two Dirac points D1 and D2 on the ky axis
and two semi-Dirac points Q1 and Q2 on the kx axis in the first BZ

FIG. 2. (a) The variations of bond lengths l1, l2 and atomic next-nearest-neighbor distances l3 and l4 with respect to a uniaxial strain ex . (b) The variations of resultant strain ey
and PR as a function of a uniaxial strain ex . No NPR is found. (c) The variations of bond lengths l1, l2 and atomic next-nearest-neighbor distances l3 and l4 in response to a uni-
axial strain ey . (d) The variations of resultant strain ex and PR with a uniaxial strain ey . NPR is found after ey > 0:55.
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[see Fig. 3(e)]. As seen from Figs. 3(a) and 3(b), the orbital projected
bands illustrate the evolution of band inversion.

With a further increase in ey , say ey ¼ 0:07, the two bands
around the Fermi level along U-Y separate again, as shown in Fig.
3(c). A detailed calculation indicates that the semi-Dirac points split to
four Dirac points. For example, Q1 splits to Q01 and Q001. Q

0
1 locates on

the k path U-T in Fig. 3(f). Their corresponding energy bands are
given in Fig. 3(c). As a result, there are six Dirac points in the first BZ,
whose topological phase is shown in Fig. 3(f). Therefore, the uniaxial
strain ey along y axis induces a topological phase transition from two
Dirac points to six Dirac points. The critical phase is a topological
semimetal with two Dirac points and two semi-Dirac points.
Moreover, the critical strain is nearly equal to that of the auxetic effect.
The coincidence of the phase transform of auxeticity and topological
phase at the same strain implies that they might have the same origin.

To clearly illustrate the topological phases in Fig. 3, we present
energy bands around the Dirac points D1 and Q01 and semi-Dirac
point Q1, as shown in Figs. 4(a)–4(c), respectively. As seen from Fig.
4(a), the point D1 is crossed by linear bands along both kx and ky direc-
tions and, thus, is a Dirac point. The three-dimensional (3D) energy
bands in Fig. 4(d) around the point D1 further illustrate that it is a
standard Dirac point. As shown in Fig. 4(b), the point Q1 is crossed by
two linear bands along kx and by two quadratic bands along ky, i.e., Q1

is a semi-Dirac point. Its 3D energy bands are given in Fig. 4(e). The
evolution between Dirac points and semi-Dirac points is somewhat
similar to the Ref. 38. The energy bands in Fig. 4(c) and its 3D energy
bands in Fig. 4(f) illustrate that Q01 is a standard Dirac point.

The variation of the electronic properties of the monolayer PN
under a uniaxial strain ex is shown in Fig. S3 in the supplementary
material. The results indicate that the uniaxial strain ex has no effect

on the topological phase. The monolayer structure is always a Dirac
material with two Dirac points on the ky axis.

The above results demonstrate that a uniaxial strain induces an
auxetic effect and topological phase transition simultaneously when
ey > 0:055. What is the origin of the phenomenon? To answer this
question, we have examined the variation of projected density of states
(PDOS) with respect to the applied strain. Figures 5(a)–5(d) and
5(e)–5(h) show the PDOS of N and P atoms varying with the uniaxial
strain ey , respectively. One can find that the PDOS of P atoms has
been significantly changed by the strain. For example, at ey ¼ 0, the
electronic states of P atoms below the Fermi level are dominated by pz
orbitals. With the variation of the strain, the ratio of s orbitals
increases. At ey ¼ 0:11, the electronic states below the Fermi level are
dominated by s, px, and pz orbitals, whose corresponding band struc-
ture is given in Fig. S4 in the supplementary material. This indicates
that there is a significant variation of orbital hybridization of P atoms.
The orbital hybridization above the Fermi level is also significantly
changed by the strain. The variation of the orbital hybridization leads
to the increase in the P–P bond length. As a result, the auxetic effect
occurs.

To further explain the effect of strain ey on hybridization of orbi-
tals, in Fig. S5 in the supplementary material, the variations of wave-
functions for quantum state at point W in Fig. 3(a) are examined. The
wavefunctions of the P atoms are considerably changed by the strain.
In the strain-free case, there are bonding states between the two
nearest-neighbor P atoms. In the case of ey ¼ 0:11, the bonding wave-
functions disappear because of the variation of the orbital hybridiza-
tion, instead the next-nearest-neighbor P atoms form weak bonding
states. Because the next-nearest-neighbor interactions are weaker
than that of nearest-neighbor interactions, the length of bonds P–P

FIG. 3. The orbital projected band structures of monolayer PN under a uniaxial strain (a) ey ¼ 0, (b) ey ¼ 0:055, and (c) ey ¼ 0:07. (d)–(f) The topological phases in the first
BZ corresponding to the band structures in (a)–(c), respectively.
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increases rather than decreases. It is worth noting that the tensile strain
ey is applied along the y direction, the strain extends not only P–N
bonds along the y direction but also P–P bonds along the x direction.
Therefore, the strain ey changes atomic orbital hybridization. On the

one hand, the energies of electronic states are changed, resulting in
band crossings and topological phase transition; on the other hand,
the mechanical interactions between atoms are also changed, resulting
in an auxetic effect.

FIG. 4. Band structures around (a) the Dirac points D1 in Fig. 3(a), (b) the semi-Dirac point Q1 in Fig. 3(b), and (c) splitting Dirac point Q01 in Fig. 3(c) along directions parallel
kx or ky in momentum space. (d)–(f) 3D energy bands around the points D1, Q1, and Q01 in (a)–(c), respectively.

FIG. 5. The projected density of states (PDOS) of N atoms in the monolayer PN when a strain (a) ey ¼ 0, (b) ey ¼ 0:055, (c) ey ¼ 0:07, and (d) ey ¼ 0:11 is applied.
The PDOS of P atoms in the monolayer PN when a strain (e) ey ¼ 0, (f) ey ¼ 0:055, (g) ey ¼ 0:07; and (h) ey ¼ 0:11 is applied.
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In conclusion, we have investigated the mechanical and elec-
tronic properties of a monolayer PN made of zigzag chains. Both
normal-auxetic phase and topological phase transitions occur when a
tensile strain above 0.055 is applied on the 2D structure along the P–P
zigzag direction. The value of NPR can even approach �0.60, which
could be the highest record reported to date. There is no auxeticity
when a compressive/tensile strain is applied in other directions. It is
interesting that when the auxetic effect occurs, a topological phase
transition from a semi-Dirac semimetal to a Dirac semimetal also
occurs simultaneously. The coincidence of the phase transform of aux-
eticity and topological phase at the same strain implies that they have
the same origin: the strain along the y direction changes the hybridiza-
tion of atoms and then changes energies of the quantum states as well
as the mechanical interactions between atoms. Our work not only has
identified a material having both auxetic behavior and a topological
phase transition, but also provides atomic insight on the origin and
correlations between the two unique phase transitions.

See the supplementary material for phonon spectra, stress–strain
curves, total energy of monolayer PN under different strains, variation of
atomic layer thickness d with strains, electronic properties under a uni-
axial strain, and wavefunctions under a uniaxial strain along the y-axis.
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