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Nodal-line semimetals have become a research hot-spot due to their novel properties and great potential application
in spin electronics. It is more challenging to find 2D nodal-line semimetals that can resist the spin—orbit coupling (SOC)
effect. Here, we predict that 2D tetragonal ZnB is a nodal-line semimetal with great transport properties. There are two
crossing bands centered on the S point at the Fermi surface without SOC, which are mainly composed of the py, orbitals
of Zn and B atoms and the p; orbitals of the B atom. Therefore, the system presents a nodal line centered on the S point
in its Brillouin zone (BZ). And the nodal line is protected by the horizontal mirror symmetry M,. We further examine the
robustness of a nodal line under biaxial strain by applying up to —4% in-plane compressive strain and 5% tensile strain
on the ZnB monolayer, respectively. The transmission along the a direction is significantly stronger than that along the b
direction in the conductive channel. The current in the a direction is as high as 26.63 pA at 0.8 V, and that in the b direction
reaches 8.68 pA at 0.8 V. It is interesting that the transport characteristics of ZnB show the negative differential resistance
(NDR) effect after 0.8 V along the a (b) direction. The results provide an ideal platform for research of fundamental physics
of 2D nodal-line fermions and nanoscale spintronics, as well as the design of new quantum devices.

Keywords: nodal-line semimetals, negative differential resistance (NDR) effect, horizontal mirror symmetry

PACS: 73.20.At, 62.20.D—, 72.10.-d

1. Introduction

The discovery of graphene!!=>! opens the door to “Dirac
physics”.  The conduction and valence bands of two-
dimensional (2D) Dirac materials cross linearly at Fermi

61 cause the

points in the Brillouin zone (BZ). Dirac fermions!
electron transport of the 2D Dirac materials to exhibit novel
properties, such as high carrier mobility,[”! ballistic charge

9101 Dirac materials

transport!®] and quantum Hall effects.
have been extended to many other 2D lattices in addition to
graphene, for example, silicene,!!!! phagraphene,!'”! Bi/Sb
(111) films, 3] square lattice tellurium, 4] square SbIl3! and
MoS,.[161 They have broad application prospects in the design
of nanoelectronic devices. The band crossings can not only
be expressed as Dirac points, but also as nodal lines. Nodal-
line semimetals'!”! have one-dimensional line bands formed
by crossing several bands near the Fermi surface. The nodal

lines were first discovered in 3D materials, such as PtSny, 8]

[20]

ZrSiS,"°! Mackay-Terrones crystals and anti-perovskite

Cu3PdN. 21 Recently, several 2D nodal-line materials, [22-20]
such as MX (M =Pd, Pt; X =S, Se, Te)m] and the bipar-
tite square lattice,**! have been predicted theoretically. In ad-
dition, the existence of nodal lines with two concentric lines
centered on the I point in monolayer Cu,Si and CuSe has

27.28] The existence of a nodal

been confirmed experimentally. !
line requires certain symmetry protection, in which the hori-

zontal mirror symmetry M, is the most prevalent. There are

fCorresponding author. E-mail: ss_lip@uijn.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac8f33

many horizontal mirror-symmetric structures. Recent work
has shown that AuSe!*"! is a two-dimensional material that can
be successfully prepared experimentally. We expanded our at-
tention to XY (X =Zn, Ag, Au, Cu; Y =B, C, N, O) monolay-
ers, which share a similar structure to AuSe. Figure S2 shows
the corresponding band structures. Additionally, the results
of band structure calculations reveal that ZnB exhibits nodal-
line characteristics in its Brillouin zone (BZ). In this work, the
structure of ZnB is derived from AuSe and, on this basis, Zn
and B atoms replace Au and Se atoms. After structural relax-
ation, two dimensional ZnB monolayers were obtained.

The ZnB material studied in this paper is Dirac mate-
rial. The presence of Dirac cones usually results in materi-
als with excellent electron transport properties. An interesting
phenomenon in electron transport is the negative differential
resistance (NDR) effect, ") which refers to the phenomenon
whereby the voltage (or current) decreases as the current (or
voltage) increases. The effect of this phenomenon on the cir-
cuit is equivalent to a negative resistance; therefore, it is called
the “NDR effect”. The NDR effect was first observed by Esaki
in 1958 when he studied p-n junction tunneling diodes.?!]
Esaki and Tsu jointly proposed that NDR can also be achieved
in the current passing through quantum wells in 1973.3%! Only
a few years later, NDR was observed in a GaAs/Gaj_,AlAs
superlattice. In the mid-1980s, quantum well devices were

manufactured as standard in experimental growth deposition

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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systems for heterostructures based on the NDR effect.?3! Re-
cently, the NDR effect was predicted in the halfmetallic MnNF
monolayer with a nodal loop. The NDR effect can be used to
design high-frequency oscillators and alternating current am-
plifiers to generate oscillations and amplify electrical signals.
By calculating the transport properties of ZnB, it is found that
ZnB also has an NDR effect. This NDR effect has potential
value in practice. In this work, we structure a 2D tetrago-
nal ZnB material, and we confirmed that 2D tetragonal ZnB
is a nodal-line semimetal with good transport properties and
NDR effects based on first-principles calculations. We also
confirmed the mechanical and dynamics stability of the sys-
tem by calculating the cohesive energy, linear elastic constant
and phonon spectrum. The system exhibits nodal-line charac-
teristics in its Brillouin zone (BZ). It is worth noting that the
nodal line is protected by the mirror inversion symmetry and
Pxy/P- band inversion. We found that only the tiny band gaps
of 8 meV and 9 meV are opened at Dirac cones when SOC is
turned on. Therefore, the nodal line is robust to SOC. We also
confirmed its robustness under biaxial strain. Our conclusions
provide new ideas for the study of nanoscale spintronics and

the design of new quantum devices.

2. Computational methods

First-principles calculations based on density functional
theory (DFT) were performed using the Vienna ab-initio sim-
ulation package (VASP).[3*331 We processed the exchange—
correlation function using generalized gradient approxima-
tion (GGA)P?4% in the form of Perdew—Burke—Ernzerhof
(PBE).3%381 When constructing the structure, a vacuum layer
greater than 20 A is added in the z direction to eliminate inter-
actions between adjacent layers. In the calculation process, the
cutoff energy of the plane wave is set to 500 eV, and the en-
ergy convergence standard is 1 x 10~® eV. When optimizing
the structure, Monkhorst—Pack meshes of 9 x 9 x 1 k-points
are used for sampling in the two-dimensional Brillouin zone
(BZ), and the interaction force between the atoms is less than
0.01 eV/A. The phonon calculations are based on DFT per-
turbation theory using the PHONOPY code!*! in VASP. The
HSEO06 hybrid functional is used to confirm the reliability of
our PBE results. All calculations were performed using the
GGA +U (U = 3.0 eV) method,*?! and the effective param-
eter Ugsr was set to explain the Coulomb interaction between
the 3d electrons. The transport properties were calculated us-
ing the nonequilibrium Green function (NEGF) method, 43461
as implemented in the OpenMX code.

3. Results and discussion

Figure 1(a) shows top and side views of the ZnB struc-
ture, respectively. The ZnB lattice forms 2D networks of a
rectangular lattice in the xy plane. The space group is Pmmm
with the point group D,z ;. Each unit cell contains two Zn
atoms and two B atoms. After structural relaxation, the crystal
constants along the x and y directions are 3.86 A and 5.53 A,
respectively. All the bond lengths labeled in Fig. 1(a) are
d; = 1.547 A (between two B atoms), d» = 1.990 A (between
B and Zn atoms) and d3 = 2.081 A (between B and Zn atoms).
To determine the stability of ZnB, we first calculate its cohe-

sive energy, and the formula is expressed as
Ecoh = (Eznp — 2Ezn — 2Eg) /4, )]

where Ez,p is the total energy of ZnB. Here, Ez, and Ep are
the energies of free Zn and B atoms, respectively. The cal-
culated E o is —3.25 eV/atom. The cohesive energy of ZnB
is slightly lower than that of single-layer metal halide MnCl,
(—3.23 eV/atom) exfoliated from its bulk,[*®! which indicates
that ZnB is stable and easy to prepare. We further perform the
phonon spectrum calculations shown in Fig. 1(b); no apprecia-
ble imaginary phonon modes are observed, indicating that this
structure is dynamically stable.
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Fig. 1. (a) Top and side views of the ZnB structure. (b) The calculated
phonon spectra of ZnB.

We studied the mechanical properties of ZnB by cal-
culating the linear elastic constant. From calculation,
the four independent elastic constants of ZnB are Cj; =
300.82 N-m~ !, C;» =473.37N-m~!, C; = 12.99 N-m~! and
Ces = 0.17 N-m~!, respectively. Their relationship is in ac-
cordance with Born criteria: 47431 C{Cy, — C?, > 0 and Cg6 >
0, which satisfies the mechanical equilibrium conditions. 491
Therefore, ZnB has mechanical stability. The Young’s mod-
ulus Y (0) and Possion’s ratio v(6) of ZnB with the arbitrary
in-plane 6 is calculated using the following formula:

C1Cn —C?
Y(0)= ——— =1 —. @
C118in” 0 +Asin” 6 cos? 0 + Cyy cos* O
Cjasin* @ — Bsin®? @ cos? 8 + Cxycos* 6
v (6) _ Cippsm s~ 6 cos” 0 + (Cpycos 3)

 Cpysin* 0+ Asin?0cos2 60 +Crcost 6
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Here, A = (C11Cx — C3,)/Ce6 —2C12 and B = Cyy + Coz —
(C11Cx2 — C%,) /Ce6. As seen in Fig. 2(a), Young’s modulus
in the x and y directions is 75.12 N'-m~! and 118.20 N-m~!,
respectively, indicating that ZnB has anisotropic mechanical
behavior. Figure 2(b) shows that the Poisson’s ratios of ZnB
are between 0 and 0.5, which are similar to most previously re-
ported 2D materials. These moderate values indicate that the
structure can be regulated under external stress.

_(a) 90 _
120 120. 60 0.4
504 ‘ 0.3
150, 30 0.2

401 0.1
04180 0 0
401 0.11
210 330 0.24

801 0.3
1207 240 300 0.4
270

Fig. 2. Polar diagrams for (a) Young’s modulus Y () and (b) Poisson’s
ratio v(6) of 2D ZnB.

We use the DFT + U (U = 3.0 eV) method to calculate
band structures of ZnB because the DFT + PBE method can-
not accurately describe the physical properties of transition
metal Zn with Coulomb interactions between 3d electrons.
Figure 4(a) shows the band structures of ZnB without SOC.
Two linear band crossings are observed on the Fermi level,
and they are labeled as o and f3, respectively. The energy
band intersections R; and R, are along the S—Y and S—I lines,
respectively. Due to the existence of Dirac cones, we expect
ZnB to have excellent electronic transport properties. There-
fore, we calculate the Fermi velocity vg for Ry and R, points

according to

10E
VE=—-—=—. 4
T 4
Here, the Vg after unit conversion is expressed as
dE. AEx1.6x107"xax 10710
VE = = ; )

Codk Bk dE 1 0545 x 1034

where ki is the total number of points from S-Y (S-I"), Ak is
the number of K points on a certain energy band between S—-Y
(8-I'), AE is the energy band, and a is the lattice constant of
the structure. We find that the radial velocities of the Dirac
point are 4.97 x 10° m/s and 4.70 x 10° m/s, respectively.
They are even comparable to graphene (9.42 x 10° m/s).!%"]
At the same time, the linear dispersion of energy bands indi-
cates that effective electron mass at the Dirac cone is almost
zero, and that of 3 x 10™2my (my is the static effective mass of
electrons) of ZnB also confirms this conclusion. In addition,
we calculated energy bands without SOC using the highly ac-
curate and reliable HSEQ6 hybrid function (Fig. 4(c)). The cal-
culated results agree with those of PBE, and the bands do not

open the gap using the HSE method. Figure 4(b) depicts the
component analysis of energy bands by the DFT + U method.
We find that the o band is mainly contributed by p,, orbitals
of Zn and B atoms, and the 8 band is mainly contributed by
the p, orbital of the B atom. The inverted gap formed by the
band inversion between the conduction band and valence band
is 1.51 eV. Under the actions of the spatial inversion symmet-
ric operator, the parity of wave functions of two bands, py,
and p,, is opposite, which prevents the interaction between py,
and p, states. Therefore, bands produce closed gaps around
the S point, and no gaps are generated, even if they are far
away from the high-symmetry line. It is worth noting that
the band inversion causes the conduction band and the valence
band to continuously cross, and the cross forms a continuous
loop in the momentum space, which forms the typical nodal
line. The DOS (Fig. S1) indicates that the valence band near
the Fermi level is mainly contributed by the p-orbitals of B
and the p,y-orbitals of Zn atoms. The conduction band near
the Fermi level is mainly contributed by the p,-orbitals of B
and the py,-orbitals of Zn atoms. In addition, the existence
of a nodal line requires certain symmetry protection. For the
ZnB monolayer, the space group Pmmm contains eight sym-
metry operators, i.e., one identity operator (E), one inversion
operator (/), three mirror planes (M,, My and M;) and three
rotation axis (Cyx, Coy and Cy;). The structure has horizontal
mirror symmetry M, parallel to the 2D lattice due to the copla-
narity of all Zn and B atoms (Fig. 1(a)). To obtain insight into
the protection mechanism, the real-space Kohn—Sham wave
functions near the nodal lines are plotted in Fig. 3. As shown
in Fig. 3, the two bands forming the nodal line have opposite
M7z eigenvalues: the hole-like band ¢ has the M7 eigenvalue
+i, whereas the electron-like band 3 has the eigenvalue —i.
Therefore, the linear cross between o and 8 bands forms the
nodal line protected by horizontal mirror symmetry. The de-
tailed scan of band structures also shows that crossing points
generated by band crossing are not isolated, but are nodal lines
centered at the S point. More band crossing points can be ob-
served throughout the BZ if symmetry effects are considered.
Thus, we observed a nodal line throughout the BZ (Fig. 4(e)).

Figure 4(d) shows the band structure with SOC. We found
that the linear dispersion of the Dirac cone is barely affected
and only the tiny band gaps of 8§ meV and 9 meV are opened
at Ry and R, points when SOC is turned on. It is worth noting
that the topological properties of a system are usually studied
because it involves Dirac cones. SOC causes R and R, around
the S point to open gaps (Fig. 4(d)), and the gaps are only
8 meV and 9 meV, respectively, which is due to the weaker
SOC strength of the B atom. To check non-trivial topological

characteristics of the ZnB film, we calculated edge states and

067301-3
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the Z, invariant of the system (Fig. 5). The half-infinite length
Green functions are used to calculate total and spin-polarized
edge densities of states by maximally localized Wannier func-
tions (MLWFs). We can see that the gapless edge state con-
nects upper and lower bands of the overall gap (Fig. 5(a)). As
shown in Fig. 5(b), two edge states with opposite propagation

directions show opposite spin polarizations (red and blue in-

(a) 1.0

dicate spin up and spin down, respectively) according to the
spin momentum lock of the one-dimensional spiral electron.
The Z, invariant further confirms the topological properties of
ZnB. It can be seen from Fig. 5(c) that the number of intersec-
tions between any horizontal reference line and WCC evolu-

tion line is odd times, so Z, = 1. These confirm that the ZnB
monolayer is a 2D topological insulator.

288

PO OO 0D

7 8

Fig. 3. (a) The calculated band structure of the ZnB monolayer. (b) The real part of Kohn—Sham wave functions near band crossing points
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Fig. 4. (a) The calculated band structure for monolayer ZnB without SOC using the DFT + U method. (b) The projection of the bands onto
atomic orbitals. (c) Band structure without SOC of ZnB calculated using the HSE06 method. (d) The calculated band structure with SOC. (e) The

shapes of the nodal lines obtained by DFT calculation in the Brillouin zone.
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Fig. 5. (a) and (b) The total and spin-polarized edge densities of states for ZnB, respectively. (c) Evolutions of Wannier centers for ZnB along &,
in the spin edge plot. The red and blue lines denote the spin up and down polarization, respectively.
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Fig. 6. Band structures of the ZnB monolayer under —4% in-plane compressive strain to 5% tensile strain.
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Fig. 7. (a) Schematic illustrations of the ZnB transporting device model along the a and b directions. (b) The spin-resolved /-V curves of ZnB
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We further examined the robustness of the nodal line un-
der biaxial strain. Up to —4% in-plane compressive strain and
5% tensile strain are applied on the ZnB monolayer, respec-
tively, and the band structures are plotted in Fig. 6. It was
found that nodal lines still exist under these strains, indicating
that they are robust under mechanical deformation and plane
pressure.

There are many ways to calculate transport properties. ']
We use first principle and nonequilibrium Green’s function
methods to calculate. This method has been used in various
articles, such as a Au/GeSi/Au transport junction,®?! zigzag
graphene nanoribbon>3 and nanoribbons with adsorbed tran-

5,4 which have been proved to be reliable.

sition metal atom
Figure 7(a) shows the 2D transporting device models based on
the ZnB lattice along the a and b directions. We draw spin-
resolved voltage—curve (I-V) curvatures (Fig. 7(b)) by apply-
ing a source—drain bias voltage of 0 V to 2.0 V in the a and
b directions, respectively. We artificially create a voltage drop
by adjusting the chemical potential of the electrodes at both
ends. Obviously, the transmission along the a direction is sig-
nificantly stronger than the b direction in the conductive chan-
nel, which can be explained by comparing charge densities at
the Fermi level (Fig. 7(c)). The overlaps of wave functions
along the a direction are stronger than that along the b di-
rection, resulting in better conductivity in the a direction. It
is interesting that the transport characteristics of ZnB are the
negative differential resistance (NDR) effect after 0.8 V along
the a (b) direction. As can be seen from the transmission spec-
trum shown in Fig. 8, when the voltage along the a/b direction
does not exceed 0.8 V, the current increases with the increase
in voltage. When the voltage exceeds 0.8 V, the current de-
creases rapidly as the voltage increases. This phenomenon is
known as the NDR effect

I= %/dEFTLR(EF)[fL(EF) — Jr(Ep)]- ©)

Here, fi(r)(EF) is the Fermi distribution function of the
left and right wires. The transmission coefficient Tir(Er)
can be calculated from Tr[I] GIRG™'] (Er), where Ty (Ep) =
i[X,, (Ep) — X2 (Ep)] is the line width function, and X2 (Ef)
represents the self-energy.

According to the above Landauer—Biittiker formula, the
large difference between the current and voltage curves of the
device is analyzed. The current is the integral area of the elec-
tron transmission curve within the bias window. When the
integral area of the transmission curve of electrons passing
through the local window becomes smaller, the current drops.
As the voltage increases, the current decreases, resulting in the
negative differential resistance effect. An interesting transfer
characteristic of ZnB is the NDR at the voltage of 0.8 V. Ac-
cording to the analysis on the transmission spectrum shown in

Fig. 8, the NDR effect can be explained by comparison be-
tween the increase in the energy window and the decrease in
transmission from 0.8 V to 1.3 V (1.6 V) along the a (b) di-
rection. It can be seen that energy windows become wider and
the transmission decreases as the bias voltage increases from
0.8 Vto 1.3 V (1.6 V) along the a (b) direction; therefore, the
NDR effect is generated.

This effect is a fundamental characteristic of electronic
devices such as esala tunneling diodes, which have wide appli-
cations in oscillator fast switching and frequency-locked cir-
cuits.

4. Conclusion and perspectives

We confirmed that 2D tetragonal ZnB is a nodal-line
semimetal with great transport properties. Two bands, mainly
composed of py, orbitals of Zn and B atoms and the p, orbitals
of the B atom, cross at the Fermi surface. This causes ZnB to
present a nodal line centered on the S point in its BZ. And the
band structure is protected by the mirror inversion symmetry
and py,/p; band cross. We further examined the robustness
of the nodal line under biaxial strain by applying up to —4%
in-plane compressive strain and 5% tensile strain on the ZnB
monolayer, respectively. We also found an interesting NDR
effect when studying its transport properties. Our research has
opened a path for the study of Dirac physics and spintronics
and the fabrication of new quantum devices.
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