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Two -dimensional semimetal AlSb monolayer with
multiple nodal-loops and extraordinary transport
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Two-dimensional (2D) nodal-loop semimetal (NLSM) materials have attracted much attention for their
high-speed and low-consumption transporting properties as well as their fantastic symmetry protection
mechanisms. In this paper, using systematic first-principles calculations, we present an excellent NLSM
candidate, a 2D AlSb monolayer, in which the conduction and valence bands cross with each other
forming fascinating multiple nodal-loop (NL) states. The NLSM properties of the AlSb monolayer are pro-
tected by its glide mirror symmetry, which was confirmed using a symmetry-constrained six-band tight-
binding model. The transport properties of the AlSb monolayer under in-plane uniaxial strains are also
studied, based on a non-equilibrium Green'’s function method. It is found that both compressive and
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tensile strains from —10% to 10% improve the transporting properties of AlSb, and it is interesting to see
that flexure configurations are energetically favored when compressive uniaxial strains are applied. Our
studies not only provide a novel 2D NLSM candidate with a new symmetry protection mechanism, but
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1. Introduction

Nodal-loop semimetals (NLSM)' have attracted plenty of
attention in the recent years, for both their research signifi-
cance in fundamental physics and their potential applications
in next-generation nanoscale spintronic devices. The gapless
band crossings in NLSM, unlike the discrete crossing points in
Dirac/Weyl semimetals,"” form continuous open or closed
loops in the momentum space, which is protected by certain
crystal symmetries. These unique band characteristics are
expected to be associated with intriguing physics, such as
drumhead surface states, high-temperature surface supercon-
ductivity® and anomalous quantum oscillation.® Three-dimen-
sional (3D) NLSM material candidates, such as TizAl, CuzPdN
and TiB,, have been demonstrated theoretically and
experimentally."®*® However, the search for two-dimensional
(2D) NLSMs is still challenging due to these materials having
reduced crystal symmetry in comparison to the 3D examples.
Several 2D monolayers, such as Si-Cmma, B,O, TaSiTes and
MnB,"* > were predicted theoretically to be NLSM, and some,
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also raise the novel possibility for the detection of out-of-plane flexure in 2D semimetal materials.

such as Cu,Si, CuSe and GaAg,,””>° have been synthesized
successfully in experiments and verified as NLSM materials
using angle-resolved photoemission spectroscopy. It is worth
mentioning that most of the aforementioned 2D NLSM candi-
dates have gapless nodal-loops (NLs) protected by their hori-
zontal mirror symmetries. This symmetry protection mecha-
nism has been expanded to nonsymmorphic glide mirror sym-
metry recently, for example, in MnNF and NiB,
monolayers.***' To date, the number of known 2D NLSM
materials is still limited. Moreover, the excellent conductivity
of NLSM materials indicates their potential for application in
high-speed and low dissipation nanoscale electronic and spin-
tronic devices, although research on their transport properties
and devices based on 2D NLSM materials is scarce at present.
We have also noticed the recent theoretical®® and experi-
mental®® progress on the wrinkling characteristics of 2D
materials under compressive strains, which provides a new
approach for us to modulate the transport properties of 2D
NLSM materials. Consequently, it is urgent and of significance
to find novel 2D NLSM materials, propose new mechanisms of
symmetry protection in 2D nodal-loops, and design high-
efficiency and multipurpose spintronic devices.

In this paper, we propose an AlSb monolayer as a novel 2D
NLSM candidate material, based on first-principles (FP) calcu-
lations and a tight-binding (TB) model. The band structure
reveals that the band crossing forms multiple nodal-loops
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around the I' point near the Fermi level, whilst, according to
the symmetry analysis on wavefunctions and a symmetry-
restricted six-band TB model that we developed, the nodal-loops
are demonstrated to be protected by nonsymmorphic horizontal
glide mirror symmetry. Meanwhile, we design a nanoscale
device based on the AlSb monolayer and investigate its transport
properties under uniaxial strains. It is found that the conduc-
tivity of the device generally increases under both compressive
and tensile strains, and it is also interesting to see that the for-
mation of the out-of-plane flexure is energetically favored when
compressive strains are applied. Our studies provide not only a
novel 2D NLSM candidate material, but also significant support
for the potential applications of NLSM materials in transporting
devices and flexing mechanical sensors.

2. Computational details

Density-functional theory (DFT) calculations were carried out
based on a projector augmented wave (PAW) approach,®” as
implemented in the Vienna Ab initio Simulation Package
(VASP)*** and DS-PAW package.’® For the exchange-corre-
lation functional, a generalized gradient approximation (GGA)
with  Perdew-Burke-Ernzerhof = (PBE) realization was
adopted.®*®*” In addition, a more reliable Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional®® was employed for the
validation of band structures. The energy cutoff was set to be
550 eV and a vacuum layer of 20 A was added to avoid inter-
action along the out-of-plane direction. The equilibrium posi-
tions of the atoms as well as the lattice constants were fully
optimized until the energy and the force converged to less
than 107® eV and 0.0001 eV A™', respectively. The Brillouin
zone (BZ) was sampled using a 19 x 19 x 1 I'-centered
Monkhorst-Pack k-point mesh. The phonon dispersion spec-
trum was calculated based on a supercell approach performed
with ALAMODE code.*® An unbiased swarm-intelligence struc-
tural method based on the particle swarm optimization (PSO)
technique implemented in the CALYPSO package®®™** was
employed to search for low-energy structures of AlSb. The
transport properties were investigated using DFT combined
with the nonequilibrium Green’s Function (NEGF) method, as
implemented in the Nanodcal package,”>*® in which the cutoff
energy is set to 100 Rydberg (1361 eV), the temperature of elec-
trode is set to 100 K and the k-point grid mesh of the electrode
is set to 100 x 8 x 1. The current was calculated using the
Landauer-Biittiker equation:*”

2e [*

1= | 1B W)R.B) ~ @)

in which fi ) is the distribution function of electrons on left
(right) lead, V}, is the bias voltage, and g, is the potential of
left (right) lead. T(E, V) is the transmission coefficient given
by T(E, Vi) = TrI\G'TRG%], where G'® is the retarded
(advanced) Green’s function of the scattering region and

Tyry =1 [Z£<R) — X} (g)| is the self-energy of the left (right) lead.
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3. Results and discussion
3.1. Geometric structure and stability

The top and side views of the optimized geometrical structure
of the AISb monolayer are presented in Fig. 1(a). It has a rec-
tangular lattice belonging to the space group P4/nnm (D, No.
129), with each unit cell containing two Al and two Sb atoms.
The lattice constants are optimized to be @ = b = 4.22 A. It is
noteworthy that the AISb monolayer prefers a buckled struc-
ture, without horizontal mirror symmetry. All the Al atoms are
located in the central plane and two Sb atoms are alternately
located at the upper and lower surfaces, with the buckle height
being 3.59 A. Each Al (Sb) atom is coordinated by four Sb (Al)
atoms, forming a four-coordinate structure.

The structural stability of the AISb monolayer was checked
symmetrically. Firstly, the elastic moduli were calculated to be
Cy;1 = 190.09 N m™, Cy, = 96.06 N m™*, Cp, = 190.09 N m™?,
and C,, = 33.02 N m™*, which satisfy Born’s criteria (Cy; > 0,
C11Cyz > C2,, and Cyy > 0). Secondly, the phonon spectra of the
AlSb monolayer were calculated and are depicted in Fig. 1(b).
There is no imaginary mode of lattice vibration in the first BZ,
which validates the dynamical stability of AISb monolayer.
Next, ab initio molecular dynamics (AIMD) simulations were
performed at 300 K using a 4 x 4 supercell in order to check
the stability of AlSb at ambient conditions. The results show
that the total energy of the AISb monolayer fluctuates smoothly
over specific energy intervals after 10 ps of preheating (see
Fig. 1(c)). Equally, no structural reconstruction and lattice col-
lapse are observed, as illustrated by the snapshots in Fig. S1 of
the ESI, which indicates the thermal stability of the AlSb

woN
<

Freq uency(THz)
7

o (Al)

ggg © (3b) ‘

A !
Bz o o

Fig. 1 (a) Top and side views of the optimized structure of the AlSb
monolayer. (b) Calculated phonon dispersion of the AlSb monolayer. (c)
Variation in total energy for AlSb monolayer at 300 K during an AIMD
simulation.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/D2NR05666F

Published on 23 December 2022. Downloaded by Ben-Gurion University of the Negev on 12/30/2022 8:59:43 AM.

Nanoscale

monolayer at room temperature. Furthermore, we performed a
global structural optimization by means of a PSO method (the
five configurations with lowest energy are listed in Table S1 of
the ESIT) and it was found that the configuration of AlISb we
predicted above has the second lowest energy, which is only
0.028 eV per atom higher than the global minimum. All the
results above demonstrate the stability of the AISb monolayer
and imply the possibility that it can be experimentally
synthesized.

Then we studied the mechanical characteristic of the AlSb
monolayer. The in-plane Young’s modulus and Poisson’s ratio
along an arbitrary direction ¢ are calculated using the follow-
ing formulae:

C11Cop — C%Z

Y(¢)=
C11Cyy — C?
C118*+Copc*+ (711 2 12 _ 2012) c2s?
44
C11Cyy — C?
(Cn + Cop — w) st — C1z(64+84)
N Cuy
v(¢)=—

C11Cpy — C?

C118* + Copc* + ( C 2 _ 2(112)025Z
44

where ¢ = cos ¢ and s = sin¢. The corresponding results are
plotted in Fig. 2. Note that the minimum value of the Young’s
modulus (108 N m™) is still larger than that of silicene
(62 N m™),' which would lead to considerable in-plane
stiffness and strong bonding between atoms.

3.2. Electronic structures and nodal-loops

The electronic properties of the AISb monolayer were investi-
gated via spin-polarized self-consistent calculations with fully
optimized configurations. Following these calculations the
AlSb monolayer was found to be nonmagnetic. The electronic
band structure is shown in Fig. 3(a). It can be seen that the
conduction and valence bands meet in the vicinity of the
Fermi level and form three linear band crossings, located at P,
(0.05,0.05,0.00) along I'-R, P,(0.00,0.10,0.00) along Y-T', and
P5(0.10,0.00,0.00) along I'-X, respectively. Typical type-II Dirac
nodal points are observed, which can be further verified using
a more reliable HSE06 functional, as shown in Fig. S2 of the
ESIL.T By projecting the energy bands near the Fermi level into
different atomic orbitals, it can be seen that the Al s orbital
and Sb p orbital predominantly contribute to the electronic
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Fig. 2 (a) Young's modulus and (b) Poisson’s ratio of the AlSb
monolayer.
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Fig. 3 (a) Energy band structure of AlSb. (b) Corresponding orbital-
resolved projection. (c) The three crossing bands forming the multiple
NLs. (d) The gaps between bands, illustrating the distribution of NLs in
the whole BZ.

states, as shown in Fig. 3(b). The band crossing around the I'
point suggests the existence of NL properties, which is visual-
ized by the band structure plot in the whole BZ, as shown in
Fig. 3(c) and (d). It can be found that the intersection of the
conduction band minimum (CBM) and the valence band
maximum (VBM) forms multiple closed NLs shaped like a
window, illustrating anisotropy in the momentum space.
Furthermore, the linear band dispersion endows the NL state
with a considerable Fermi velocity of 2.09 x 10° m s~ in the a
direction and massless fermions at the Fermi level, indicating
good electroconductivity. In addition, we also studied the
Seebeck coefficient of AlSb monolayer to check the potential
thermoelectric properties that are observed in many topologi-
cal materials.’™* The results are plotted in Fig. S8 of the ESL}
Unfortunately, the Seebeck coefficient of AlSb (~60 pv K™) is
orders of magnitude lower than that of other typical 2D ther-
moelectric materials, such as black phosphorus (~2000 pv
K™") and GeS (~2800 pv K™'), indicating that the AISb mono-
layer is unlikely to have good thermoelectric performance.

The mechanism for perfect conducting properties was
explored via the charge differential density (CDD) and elec-
tronic localization function (ELF), as shown in Fig. 4. Electrons
transfer from the Al atoms to the Sb atoms, with the amount
of charge transfer estimated to be 1.35¢ from a Bader popu-
lation analysis, indicating the formation of strong polarized
covalent bonds. The electrons located in the Al plane are ana-
logous to a free electronic gas according to the ELF results,
and there are highly localized lone pair electrons pointing
outward from the monolayer around the Sb atoms. In combi-
nation with the band structure, it could be confirmed that the
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(b)

Fig. 4 (a) The ELF and (b) the CDD of the AlSb monolayer (with an iso-
surface of 0.004 e A~3).

conducting properties are mainly determined by the nearly
free electrons around the Al skeleton.

3.3. NL symmetry protection mechanism

Next, we focused on elucidating the NL state symmetry protec-
tion mechanism. In the case of two-dimensional materials, the
nodal-loop is protected by a horizontal mirror reflecting oper-
ator M,, which ensures a gapless band crossing at any arbitrary
k-points in the loop. The configuration of the AlSb monolayer
belongs to the P4/nnm space group, which contains sixteen
symmetry operators, including five rotational axes {C,;, Cj,,
Cad}, three vertical mirror planes {M,, M,, Mg}, two screw axes

1 1 . .
CZx|EO and Czy|0§ , one inversion center (I) and one

. . 11 .
glide mirror g, = {MZ| 55}, as well as time-reversal (TR) sym-

metry. Clearly, it is only the glide mirror symmetry g, that con-
tains the horizontal mirror operator M,, and therefore it plays an
indispensable role in the protection of the nodal-loop in the AlSb
monolayer. To illustrate this protection mechanism clearly, the
real-space Kohn-Sham wavefunction near the band crossing
points is shown in Fig. S3, from which the eigenvalue of g, for
each band could be obtained and labelled as + and — (represent-
ing +i) respectively. Consequently, the two intersecting bands
have opposite glide mirror eigenvalues, indicating that they are
mutually orthogonal without any hybridization and that the for-
mation of a gapless NL is inevitable.

From the FP investigations, we know that the dominant
components of the NL are the Al-s and Sb-py, p, orbitals,
whereas the contributions from the Sb-s/p, and Al-p orbitals

are negligible, as shown in Fig. 3(b) and S5.1 Taking s, s*,

Sb1 \Sb2 \Sb1 .Sb2 .
Py s Px 5Py 5 Py as the basis

hy hiy O 0 0 0
R, h 0o 0 0 o
Hi=| © 0 h 0 0 of
0 0 0 h 0 0
0 0 0 0 hy 0
0 0 0 0 0 hs
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in which

hy = 2t (cos(aky) + cos(aky)) + &s,

k.
hy = hjl = 2ty (COS (%kx) + cos (%) ),

hy = 2t, cos(aky) + 2t5 cos(aky) + &p,

h3 = 2t, cos(aky) + 2t cos(aky) + &p,

and &, &, are the on-site energies corresponding to the s
orbital of Al and the p orbitals of Sb, ¢, and ¢, are the para-
meters for the hopping of the s orbitals between the nearest-
and second-nearest-neighboring Al-Al, and ¢, and ¢, are the
parameters for the hopping between the p orbitals of the
nearest-neighboring Sb-Sb. The family of the Hamiltonian can
be written as

H(k) =es x Uy + e, x Uy +t1 X Us + 1 x Uy +ts x Us + tp
XU6

and the detailed matrices can be found in the ESIL.T The strict
orthogonality of the Al-s and Sb-p orbitals is clear to see in
H(k), demonstrating that the formation of the NL states is not
occasional but protected by the structural symmetry. The
valence and conduction bands are fitted according to the first-
principles results in the entire BZ via an unbiased least-
squares method, with all the parameters listed in Table S2 of
the ESL.{ The results near the I' point agree well with those
from the FP results, as shown in Fig. 5(a).

The spin-orbit coupling (SOC) effects were introduced by
considering only the on-site contribution, i.e., the L x S term
from the Sb-p orbitals. Thus, we get the SOC contribution to
the Hamiltonian, using the bases |I1), |Il), as

H =1L S8,

where 4 characterizes the strength of the SOC. The TB
Hamiltonian with SOC is as follows:
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Fig. 5 Electronic band structures from first-principles (black line) and a
tight-binding model (red dotted line) (a) without and (b) with SOC.
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with 1 =0.09 eV. We find that the SOC splits the band degener-
acy around point I' near the Fermi level. The bands from the
TB Hamiltonians with SOC are shown in Fig. 5(b) and agree
well with the FP results in the entire BZ.

3.4. Band engineering by symmetry breaking and protection

The symmetry protection mechanism could be employed for
band engineering of the nodal-loops, for example, the tran-
sition between a nodal-loop and other states. As shown in
Fig. S4 of the ESI,i we tested two distorted configurations in
which the glide mirror and vertical mirror symmetry were
broken and observed the band gap opening of the NL in both
cases. Then, a vertical electric field was applied, which is a
more reliable way in experiments to realize the modulation of
the NL state. Under the effects of the electric field, the sym-
metries of the glide mirror g, and in-plane rotation C,4 are
consequently broken. The new family of Hamiltonians has two
additional terms (U; and U, see the ESIT for details), leading
to coupling between the Al and Sb orbitals and then the break-
ing of the nodal-lines. These results were further confirmed
using DFT calculations in which an electric field of 0.5 V A™" is
applied along the ¢ direction. As plotted in Fig. S6,T the nodal-
loop degenerates to discrete nodal points, indicating the occur-
rence of a tunable topological transition. Considering a typical
environment for experimental synthesis and application, we
introduced two oxygens per unit cell on top of the Sb atoms to
passivate the dangling bonds*® without breaking the glide
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mirror symmetry. The optimized structure is shown in Fig. 6(a)
in which the nodal-loop state is well preserved, as shown in
Fig. 6(b). Furthermore, we applied in-plane biaxial strains to
investigate whether the energy level of the nodal-loop state
could be modulated. Here, the strain is defined as ¢, = (@ —
ap)lay, in which ay/a represents the lattice constant without/
with strain engineering. The energy band structure of AlSb is
well preserved in strains from —3% to 3%. Fig. S7 of the ESIf
shows the energy band structure under different strains, where
it is found that the nodal loop, under a compressive strain of
2%, can be moved to the Fermi level without being covered by
other bands, as shown in Fig. 6(c).

3.5. Transport properties under uniaxial strains

Considering the potential excellent conductive characteristics
of NLSMs, the transport properties of an AlSb nanodevice was
studied. The design of the device is shown in Fig. 7(a). Due to
the isotropy of the structure, we focused on the uniaxial
strains along the a direction (x-axis), and expanded the unit
cell by 20 times along the a direction, with the length of the
device a, being 8.44 nm. The current-voltage (I-V) curve of the
device under different bias voltages (over the range of 0.2 to
2.0 V) were calculated and plotted in Fig. 7(c) with black dots.
It was found that the I-V curve could be divided into two parts.
It has an approximate horizontal platform from 0.2 to 1.0 V
which can be understood by the transmission coefficient ana-
lysis. Although the energy windows broaden dramatically from
0.2 to 1.0 V, as shown in Fig. 7(d), the integral transmission
does not obviously increase, resulting in a nearly unchanged
current as the bias voltage increases. By contrast, the current
presents a nearly linear increase as a function of bias voltage
over the range from 1.2 to 2.0 V, illustrating an ideal Ohm
relationship.

As strain is a commonly used method to modulate the elec-
tronic properties of 2D materials, we studied the behaviors of
AlISb under tensile and compressive uniaxial strains along the
a direction, as illustrated in Fig. 7(a). The strain value ¢ is
defined as ¢ = (a — ay)/a,, where a is the lattice constant along

(a)

o
&

°
o

Energy(eV)

R Y I X “r R Y T X

Fig. 6 (a) The structure of oxidized AlSb, with the dangling bonds on the Sb atoms saturated by oxygen. (b) The energy band structure of the oxi-
dized AlSb monolayer. (c) The band structure obtained for an oxidized AlSb monolayer under a compressive strain of 2%.
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Fig. 7

(a) The design of the AlSb device. (b) The energy as a function of strain between two configurations. (c) The current—voltage curve of the

AlSb device under tensile and compressive strains. (d and e) The transmission coefficient as a function of the energy under different strains.

the x-axis with strain, and a, is 8.44 nm without strain. The
tensile strains are easy to apply, however an out-of-plane defor-
mation might occur when compressive strains are applied, and
therefore the energy of different configurations should be com-
pared. Fig. 7(b) shows the energy as a function of strain. In the
compressive strain cases (i.e., ¢ < 0) the configurations with
out-of-plane flexures have an obviously lower energy than the
in-plane cases, illustrating a linear energy-strain relationship,
which indicates that the configurations with flexures occur
much more easily than when compressive strains are applied.
The I-V curve of the AlSb device under tensile and compres-
sive strains is also plotted in Fig. 7(c). In general, the currents
of the device under both compressive and tensile strains are
larger than that without strains, except for the lower bias
voltage (0.2 V), indicating that the improved transport pro-
perties caused by strain. The behaviors of the current under
tensile strains of 5% (green dots) and 10% (purple dots) look
similar. The current increases with the increase in tensile
strain, while the I~V relation below 1.4 V is almost linear, and
a negative differential resistance (NDR) occurs in both cases at
1.6 V. The NDR effect is more obvious under a tensile strain of
10%, and it can be understood by analyzing the transmission
spectra. As shown in Fig. 7(e), the voltage window grows wider
as the bias voltage increases, while the transmission decreases
and it leads to the NDR effect. When compressive strains of
5% (red dots) and 10% (blue dots) are applied, the out-of-
plane flexure forms, as mentioned above. In such cases, the I-
V curves are similar, that is a parabolic relationship below 0.4
V, and a nearly linear -V curve from 0.4 to 2.0 V. The current
under a 5% compressive strain is higher than that under a
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10% compressive strain when the bias voltage is lower than 0.8
V, but this situation is reversed when the bias voltage is higher
than 0.8 V. This strain-electric coupling mechanism could be
applied in flexing mechanical sensors.

4. Conclusions

In summary, using first-principles calculations combined with
a tight-binding (TB) method, we propose a novel 2D nodal-
loop semimetal namely an AISb monolayer. The favorable
dynamic and thermal stabilities, as well as the results from a
global minimum search, suggest with high probability that the
AlSb monolayer can be fabricated experimentally. Also, we
have developed a symmetry-restricted six-band TB model that
could sufficiently capture the band properties of the AlSb
monolayer in the Brillouin zone, and verified that the nodal-
loop is protected by the horizontal glide mirror symmetry of
the material. We also confirmed that the nodal-loop could be
further modulated by breaking the symmetry, for example, in a
vertical electric field. In order to discover possible applications
of AlSb in nanoscale conductive devices, we studied the trans-
porting properties of the AISb monolayer under uniaxial com-
pressive and tensile strains. We found several interesting con-
ductive phenomena, such as a conductive platform without
strain, the improvement of conductivity under both compres-
sive and tensile strains, and a negative differential resistance
effect under tensile strains. It is also interesting to see that
AlSb prefers a configuration with flexure when compressive
strains are applied, which could be applied in the detection of

This journal is © The Royal Society of Chemistry 2022
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out-of-plane flexures. Our results provide a desirable platform
for exploring the fascinating physics and novel protection
mechanisms of nodal-loop states, which simultaneously
broadens the scope of 2D transporting devices.
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