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Abstract: In recent years, the Janus monolayers have attracted tremendous attention due to their
unique asymmetric structures and intriguing physical properties. However, the thermal stability of
such two-dimensional systems is less known. Using the Janus monolayers SnXY (X, Y = O, S, Se) as
a prototypical class of examples, we investigate their structure evolutions by performing ab-initio
molecular dynamics (AIMD) simulations at a series of temperatures. It is found that the system with
higher thermal stability exhibits a smaller difference in the bond length of Sn—X and Sn-Y, which is
consistent with the orders obtained by comparing their electron localization functions (ELFs) and
atomic displacement parameters (ADPs). In principle, the different thermal stability of these Janus
structures is governed by their distinct anharmonicity. On top of these results, we propose a simple
rule to quickly predict the maximum temperature up to which the Janus monolayer can stably exist,
where the only input is the ADP calculated by the second-order interatomic force constants rather
than time-consuming AIMD simulations at various temperatures. Furthermore, our rule can be
generalized to predict the thermal stability of other Janus monolayers and similar structures.

Keywords: thermal stability; Janus monolayer; ab-initio molecular dynamics; atomic displacement
parameter

1. Introduction

During the past decades, graphene and other two-dimensional (2D) materials have
attracted widespread attention from the science community [1-7]. Among them, the so-
called double-faced Janus monolayers are of particular interest since they lack both the
in-plane inversion and out-of-plane mirror symmetry. In 2017, the Janus MoSSe was
successfully fabricated from 2D transition metal dichalcogenide (TMD) MoS;, where the
S atoms in the top layer are replaced by the Se through the modified chemical vapor
deposition (CVD) method [8]. Since then, there has been a growing interest in such kinds
of systems due to their intriguing physical properties, such as intrinsic Rashba-type spin
splitting [9], high piezoelectric performance [10], and strong optical absorbance in the
visible spectrum [11], as well as higher superconducting critical temperature [12], 2D
ferromagnetism with high Curie temperature, and large valley polarization [13], etc. [14].

As various Janus structures have been recently proposed theoretically, it is natural
to check their stability before any realistic application. For example, first-principles cal-
culations by Shi et al. [15] demonstrated that the Janus monolayers MXY (M = Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W and X, Y =S, Se, Te) are mechanically stable. However, the phonon
dispersion relations of VXY, TiSTe, and TiSSe exhibit larger imaginary frequencies, indicat-
ing that they are dynamically unstable. Inspired by the fabrication of the 2D TMD VSe,,
Zhang et al. [16] predicted an energetically and dynamically stable Janus structure of VSSe,
and further checked its thermal stability at room temperature. Peng et al. [17] proposed a
stable Janus monolayer PtSSe, which was later successfully prepared by Sant et al. [18] via
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the sulfurization of TMD PtSe; under H,S atmosphere. Based on two typical Janus systems,
MoSSe and BiTel, Riis-Jensen et al. [19] reported a high-throughput study on 216 derived
monolayers, where 93 were identified to be stable according to the calculated formation
energies, phonon dispersions, and elastic constants. Using first-principles calculations,
Yuan et al. [20] found that the formation energies of Janus MnSTe, MnSeTe, MnSSe, and
VSeTe can be comparable to those of the parents MnS,, MnSe;, MnTe,, VSey, and VTe;. In
addition, previous ab-initio studies confirmed the chemical, dynamical, and mechanical
stability of Janus monolayer SnSSe, which exhibits promising optoelectronic properties for
solar cells applications and can be also used as appealing industrial waste thermoelectric
materials [21-23].

Although many Janus monolayers have been proposed to be energetically and dy-
namically stable in recent years [19-27], less is known about their thermal stability and an
explicit understanding is therefore quite necessary, especially considering various applica-
tion potentials at different temperature regions. In this work, using the Janus monolayers
SnXY (X, Y =0, S, Se) as a prototypical class of examples, we focus on their thermal stability
by performing ab-initio molecular dynamics (AIMD) simulations at a series of temperatures.
It is found that the SnSSe is the most stable while the SnOSe is the least, with the SnOS in
between. Such obviously different thermal stability is discussed by detailed comparisons
of their bond lengths, electron localization functions (ELFs), and atomic displacement
parameters (ADPs), all of which are related to the anharmonicity of these Janus monolayers.
As it is very time-consuming to perform AIMD simulations at various temperatures, we go
further by deriving a simple rule to quickly predict the upper temperatures at which the
Janus monolayers SnXY are still thermally stable, and its good transferability is confirmed
by several selective examples. We believe that the underlying physics discussed for the
5nXY should be similar for other Janus monolayers.

2. Computational Methods

The thermal stability of our Janus systems can be evaluated by performing AIMD simu-
lations, which are implemented in the Vienna ab-initio Simulation Package (VASP) [28-30].
It should be noted that AIMD combines ab-initio electronic structure calculations and
molecular dynamics simulations [31], and such an approach has been successfully used
to check the thermal stability of various 2D materials [32-34]. The optimized structures
were obtained by using the projector augmented wave (PAW) method [35,36] where the
exchange-correlation energy was in the form of Perdew—Burke-Ernzerhof (PBE) with the
generalized gradient approximation (GGA) [37]. The cutoff energy for the plane-wave
basis was set as 600 eV with the residual force on each atom being less than 0.01 eV A~

To eliminate interactions between the Janus monolayer and its periodic images, a
vacuum distance of 20 A along the out-of-plane direction was adopted, as also suggested
in the previous study [24]. We used a Monkhorst-Pack k-mesh [38] of 21 x 21 x 1 for
sampling the Brillouin zone and the effect of spin-orbit coupling (SOC) was considered
in the calculations. The AIMD ran for 10,000 steps with a time step of 1 fs, which was
enough to monitor the structure evolutions and evaluate the thermal stability, as generally
adopted in many previous works [16,39,40]. Here, we applied a 3 x 3 x 1 supercell and
chose a canonical ensemble which ensured the convergence of our results. As the AIMD
simulations are very time-consuming, we further proposed that the ADP could be utilized
to quickly evaluate the thermal stability of Janus SnXY. By combining the density functional
theory (DFT) calculations with the finite displacement method, we could derive the ADP
from the second-order interatomic force constants (IFCs) as embedded in the PHONOPY
package [41]. In addition, the anharmonicity of the Janus systems was described in terms
of the Griineisen parameter, which can be obtained by solving the phonon Boltzmann
transport equation as implemented in the so-called ShengBTE code [42]. The 8 x 8 x 1
and 7 x 7 x 1 supercells were respectively employed for the evaluation of the second- and
third-order IFCs, and the twelfth nearest neighbors were considered to ensure convergence
of the anharmonic IFCs.
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3. Results and Discussions

Figure 1 illustrates the top- and side-views of the crystal structure of Janus monolayers
SnXY (X, Y = O, S, Se), which exhibited a hexagonal lattice and contained three atoms
in the primitive cell. Unlike graphene, our systems possessed a sandwiched structure
(X—Sn—Y) with the space group of P3m1, and they lacked both the inversion center and
out-of-plane mirror symmetry. As can be found from Table 1, the lattice constant (a), the
layer thickness (1), and the bond length (ds,_x, dsn-y) increased with the radii of X and Y
atoms, which are in good agreement with those reported previously [21-24]. If we focus on
the difference (Ad) between dg,_x and dg,_y, we found that Ad was the largest for the Janus
SnOSe, smallest for the SnSSe, with the SnOS in between. Such an order just coincided with
that of the thermal stability, as will be discussed later. On the other hand, we calculated the
phonon dispersion relations of these Janus monolayers (Figure S1 of the Supplementary
Material), and the absence of imaginary frequency in the Brillouin zone confirmed that all
of them were dynamically stable. Such findings are consistent with those found in previous
ab-initio results [21-24,43].

(a)

Figure 1. (a) Top- and (b) side-views of the crystal structure of the Janus monolayers SnXY, where the
lattice constant () and layer thickness (/) are marked.

Table 1. The lattice constant (a), the layer thickness (1), the bond lengths (dsp_x, dsn-y) and their
difference (Ad) of three typical Janus monolayers.

Lattice Parameters SnOS SnOSe SnSSe
a (A) 3.46 3.54 3.78
h (A) 2.48 2.60 3.07
dsno ( A) 2.21 2.24 /
dsns ( A) 2.52 / 2.63
dsnse ( A) / 2.65 2.72
Ad (A) 0.31 0.41 0.09

We then focused on the thermal stability of these Janus monolayers by performing
AIMD simulations at finite temperatures, which can provide direct information about the
structure evolutions. As an example, Figure 2a—c plot the average distances between the Sn
and three nearest X and Y atoms with respect to the MD step at 300 K, where statistics were
collected after 5000 running steps and the equilibrium bond lengths are indicated by the
dashed lines. Generally speaking, a crystalline system tends to melt when the amplitude
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of atomic vibration roughly reaches 10% of the interatomic distance [44]. For the Janus
SnOS, we see from Figure 2a that the maximum bond length fluctuation for the Sn-S was
4.8% (at 7450 MD step) around the equilibrium distance of 2.52 A. In contrast, the Sn-O
bond showed a relatively larger fluctuation (6.3% at the 8680 MD step). As both of them
were smaller than 10%, we can safely conclude that the SnOS system is stable at room
temperature. For simplicity, we considered only those bonds with larger fluctuation in
the following discussions. In Figure 2c, we observe a similar picture for the Janus SnSSe,
where the maximum bond length fluctuation was 5.9% at the 7993 MD step. In the case of
Janus SnOSe, however, we find from Figure 2b that the bond length fluctuations were much
stronger (maximum of 29.1% at 5031 MD step) which indicates that the system is unstable
even at a lower temperature of 300 K. Figure 2d—f shows the snapshots of atomic structures
when the monolayers SnXY exhibited the largest bond length fluctuation. Indeed, we see
from Figure 2d,f that the hexagonal lattice remained almost unchanged for both the SnOS
and SnSSe. In contrast, there was an obvious structural deformation for the Janus SnOSe,
as observed from Figure 2e. To have a further check, additional AIMD simulations were
performed at a series of temperatures from 50 K to 900 K for these three Janus structures.
Detailed analysis of the bond length fluctuations (Figure S2 of the Supplementary Material)
revealed that the maximum temperatures (Timax) up to which the systems can stably exist
were 825K, 525 K, and 100 K for the Janus monolayers SnSSe, SnOS, and SnOSe, respectively.
In other words, the thermal stability of these Janus monolayers was the highest for the
SnSSe and lowest for the SnOSe, while the SnOS was in between.
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Figure 2. The AIMD results of the bond distances at room temperature for three Janus monolayers (a)
SnOS, (b) SnOSe, and (c) SnSSe, where the maximum fluctuations around the equilibrium lengths
are indicated. The corresponding top-views of the crystal structures at (a) 8680, (b) 5031, and (c)
7993 MD step are shown in (d), (e), and (f), respectively. The dotted lines indicate the equilibrium
bond distances.
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To shed some light on the physical origin of obviously different thermal stability of
our Janus monolayers SnXY, we first noted that the system with higher thermal stability
tended to have smaller Ad (listed in Table 1). The possible reason is that larger means
larger difference in the bonding strength of the Sn—X and Sn-Y so that there exists a strong
vibrational mismatch at a finite temperature [45]. However, such an observation may not be
applicable for other Janus systems. For example, the Ad in the PdSeTe was previously found
to be 0.07 A, which is very close to that of PdSSe (0.08 A) with apparently higher thermal
stability [39]. It is therefore necessary to figure out other essential factors governing the
thermal stability of Janus SnXY. Figure 3 shows the ELF maps [46] sliced perpendicularly
to the [110] direction for the three Janus structures. The value of ELF ranges from 0 to 1
and can be used to understand the bonding characteristics of a given system. If the value is
close to 0, the corresponding region has a very small electron density. In contrast, the value
of 1 means the complete localization of electrons [47]. As can be seen from Figure 3, all of
the three Janus monolayers exhibited obvious covalent bonding nature. If we focus on the
difference in the ELF of Sn—X and Sn-Y bonds (Agyr), it is interesting to find that the most
stable SnSSe exhibited the smallest A r of 0.03 while the least stable SnOSe had the largest
Afrrr of 0.18. For the intermediate SnOS, the Ag;r was just located in between (0.12). This is
reasonable since larger Ag;r suggests obviously different bonding strength, which leads to
stronger vibrational mismatch as discussed above. To go further, we plotted in Figure 4 the
average ADP as a function of temperature for the Janus monolayers SnXY. Note that ADP
measures the root-mean-squared displacement of an atom around its equilibrium position

as defined by ADP = \/(u,%> + <u2

y
the x, y, z directions, respectively. As mentioned above, the ADP can be readily calculated
from the second-order IFCs rather than time-consuming AIMD simulations at various
temperatures. It is obvious from Figure 4 that the ADP increased with the temperature,
which was much faster for the SnOSe and obviously slower for the SnSSe, while the SnOS
was in between. At a given temperature, the order of ADP was consistent with that of the
thermal stability obtained by explicit AIMD simulations. That is, the higher the stability, the
smaller the ADP. The fact is that a large ADP means stronger atom vibrations around the
equilibrium position and the structure tends to be deformed/destroyed easily at elevated
temperatures [48-50].

Up to now, we have demonstrated that the Janus SnXY with higher thermal stability
tends to exhibit smaller Ad, as well as smaller Ag;r, and smaller ADP. In principle, all of
them are closely related to the anharmonicity of the system, which can be characterized
by the so-called Griineisen parameter (y) [51]. A Janus monolayer with a stronger anhar-
monicity (larger ) would have larger Ad and Agrr, which may lead to larger structural
deformation reflected by larger ADP even at a lower temperature. Indeed, we found that
the calculated -y values were respectively 0.39, 0.52, and 1.17 for the Janus SnSSe, SnOS,
and SnOSe, which is consistent with the order of their thermal stability.

Although we have achieved a better understanding of the distinct thermal stability
of the three Janus systems, it is time-consuming to identify their Tmax by performing
AIMD simulations at a series of temperatures. Therefore, such an approach cannot be
directly used to quickly evaluate the thermal stability for a wide variety of possible Janus
and similar structures. As discussed above, the SnXY structure with a larger ADP value
tended to be unstable even at a lower temperature. Considering the fact that ADP can be
readily obtained from the second-order IFCs [41], we propose an effective ¢ ratio to quickly
predict the Trax. Specifically, 0 = @ where (ADP) is the average ADP and 4 is the
lattice constant of the system. Table 2 summarizes the calculated J values at a series of
temperatures from 50 K to 900 K for the three Janus structures. It is obvious that § increased
with the temperature, and the critical values are marked which corresponds to the Trmax
discussed above. For the Janus SnSSe, SnOS, and SnOSe, the critical § ratios were 0.08, 0.11,
and 0.07, respectively. As a rule of thumb, the average of them (~0.09) was adopted to
quickly predict the Tiax of Janus and related structures. In principle, one can also take other

> + (u2), where 1y, uy, u are the displacements along
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similar systems to calculate the critical J value, which remained ~0.09 around the Tinax
determined by explicit AIMD simulations according to our additional checks. The physical
reason is that such a ¢ value corresponds to the upper limit of bond length fluctuation
(~10%) in the AIMD simulations when the investigated systems remain thermally stable.

0.6

0.4

0.2

Figure 3. The electron localization function (ELF) maps sliced perpendicularly to the [110] direction
for the three Janus monolayers (a) SnOS, (b) SnOSe, and (c) SnSSe. The numbers indicate the ELF
values at the midpoints of the Sn—X and Sn-Y bonds.

2.5

2.0

1.5

1.0

Average ADP (A)

0.5

0.0

0 150 300 450 600 750 900
Temperature (K)

Figure 4. The average atomic displacement parameter (ADP) as a function of temperature for the
three Janus monolayers.
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Table 2. The summary of J values for the three Janus monolayers SnXY at different temperatures,
where the critical values at Tmax are shown in bold.

Temperature SnOS SnOSe SnSSe
100 K 0.02 0.07 0.01
200K 0.04 0.15 0.02
300K 0.06 0.22 0.03
400 K 0.08 0.29 0.04
525K 0.11 0.38 0.05
600 K 0.13 0.44 0.06
700 K 0.15 0.51 0.07
825K 0.17 0.60 0.08
900 K 0.19 0.66 0.09

To check the validity of such a simple rule, we first investigated the thermal stability
of Janus monolayer ZrSTe, which was recently demonstrated to be dynamically stable [52].
Around the critical value of ~0.09, the Tihax Was predicted to be 225 K, as indicated in
Table 3. Figure 5a shows the AIMD result for the Zr-S bond in the Janus ZrSTe and we
see that the maximum fluctuation around the equilibrium bond length was 10.1% at 300 K,
which is essentially close to the predicted Tmax of 225 K considering the statistical noise of
molecular dynamics simulations. Unlike the Janus ZrSTe which can be viewed as derived
from the TMD structure of ZrS; or ZrTey, Touski et al. [53] proposed a new Janus monolayer
Si,PSb with good dynamical stability. By calculating the corresponding ¢ ratio, we quickly
predicted that the SipPSb would be thermally stable up to 350 K (Table 3). Indeed, the
AIMD result for the Si-Sb bond in the Janus Si;PSb showed that the maximum bond length
fluctuation was 10.6% around the equilibrium distance at 350 K (Figure 5b).

@ Z=3 IO Si-5b |
I 10.1% el 10.6%
\ 2.8}

2.6
24
i 1 i 2‘2 L 1 L 1 i

Distance (A)

7000

8000 9000 10,000 7000 8000 9000 10,000

MD step MD step

Figure 5. The AIMD results of the bond distances for the Janus monolayers (a) ZrSTe at 300 K, and (b)
SipPSb at 350 K, where the equilibrium lengths are indicated by the dashed lines and the maximum
bond length fluctuations are marked.

It is interesting to find that our proposed ¢ ratio can be also used to evaluate the
thermal stability of TMD monolayers, such as SnX, (X = O, S, Se). As indicated in Table 3,
the 4 value approached 0.09 at 450 K, 600 K, and 425 K for the SnO,, SnS,, and SnSe,,
respectively. Taking the SnSe; as an example, we plotted the AIMD result in Figure S3
of the Supplementary Material. We see that the maximum fluctuation of the bond length
(Sn-Se) was ~10.6% at 437 K, which can be taken as the upper temperature for the existence
of a stable SnSe; and was very close to our predicted Tmax of 425 K. For the monolayers SnO,
and SnS,, the predicted values of Tax were slightly lower than those obtained by explicit
AIMD simulations (respectively, 500 K and 675 K, see Figure S3 of the Supplementary
Material). In addition, recent theoretical work found that the TMD monolayer HfSe; is
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thermally stable at 600 K [54], which is identical to the Tnax value predicted by our 6
ratio (see Table 3). All these findings confirmed the reliability and transferability of our
proposed simple rule. Compared with the time-consuming AIMD simulations at a series
of temperatures, the present approach only relies on the average ADP that can be readily
obtained from the temperature-independent second-order IFCs [41], enabling a much faster
prediction of Tnax up to which the systems can be thermally stable.

Table 3. The summary of J values at different temperatures for several Janus monolayers and similar
structures, where § = 0.09 are shown in bold.

Temperature ZrSTe Si, PSb SnO, SnS, SnSe, HfSe,
100 K 0.04 0.03 0.02 0.02 0.02 0.01
225K 0.09 0.06 0.04 0.03 0.04 0.03
300 K 0.12 0.08 0.06 0.05 0.07 0.04
350 K 0.14 0.09 0.07 0.05 0.08 0.05
425 K 0.17 0.11 0.08 0.06 0.09 0.06
450 K 0.18 0.12 0.09 0.07 0.10 0.07
525 K 0.21 0.14 0.11 0.08 0.11 0.08
600 K 0.24 0.16 0.12 0.09 0.13 0.09
700 K 0.28 0.19 0.14 0.11 0.15 0.10

4. Summary

In conclusion, we demonstrated by AIMD simulations that the Janus monolayer SnXY
(X, Y =0, S, Se) with higher thermal stability exhibited lower anharmonicity, which is
consistent with the smaller difference in both the bond length and the ELF of Sn—X and
Sn-Y, as well as smaller ADP. By leveraging the ratio between the average ADP and the
lattice constant, we proposed a simple rule to quickly and efficiently predict the upper
temperatures at which the Janus monolayers remain thermally stable, without resorting to
the time-consuming AIMD simulations. With the emergence of various possible 2D Janus
and similar structures, it is expected that our approach could be extendable to predictive
discoveries of systems with desired thermal stability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano12010101/s1, Figure S1: The phonon dispersion relations
of Janus monolayers (a) SnOS, (b) SnOSe and (c) SnSSe; Figure S2: The AIMD results of the bond
distances for the Janus monolayers (a) SnOS at 525 K, (b) SnOSe at 100 K, and (c) SnSSe at 825 K. For
each case, only that with larger fluctuation around the equilibrium length is shown; Figure S3: The
AIMD results of the bond distances for the monolayers (a) SnSe; at 437 K, (b) SnO, at 500 K, and (c)
5nS; at 675 K, where the maximum fluctuations around the equilibrium lengths are shown.

Author Contributions: Conceptualization, Y.L. and H.L.; methodology, Y.L. and H.L.; software, Y.L.
and S.H.; validation, Y.L., S.H. and R.H.; formal analysis, Y.L. and S.H.; investigation, Y.L., S.H.,
R.H., HY. and W],; resources, Y.L. and H.L.; data curation, Y.L.; writing—original draft preparation,
Y.L.; writing—review and editing, Y.L. and H.L.; visualization, Y.L.; supervision, H.L.; project
administration, H.L.; funding acquisition, H.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the financial support from the National Natural Science
Foundation (Grant Nos. 62074114 and 51772220).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The numerical calculations in this work have been done on the platform in the
Supercomputing Center of Wuhan University.


https://www.mdpi.com/article/10.3390/nano12010101/s1
https://www.mdpi.com/article/10.3390/nano12010101/s1

Nanomaterials 2022, 12, 101 90of 10

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric Field Effect
in Atomically Thin Carbon Films. Science 2004, 306, 666—669. [CrossRef]

2. Novoselov, K.S;; Jiang, D.; Schedin, E; Booth, T.J.; Khotkevich, V.V.; Morozov, S.V.; Geim, A K. Two-dimensional atomic crystals.
Proc. Natl. Acad. Sci. USA 2005, 102, 10451-10453. [CrossRef]

3. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional
Nanocrystals Produced by Exfoliation of Ti3AlC,. Adv. Mater. 2011, 23, 4248-4253. [CrossRef]

4. Liu, H; Neal, A.T,; Zhu, Z.; Luo, Z.; Xu, X.; Tomanek, D.; Ye, P.D. Phosphorene: An Unexplored 2D Semiconductor with a High
Hole Mobility. ACS Nano 2014, 8, 4033-4041. [CrossRef]

5. Liu, G.-B,; Xiao, D.; Yao, Y,; Xu, X.; Yao, W. Electronic structures and theoretical modelling of two-dimensional group-VIB
transition metal dichalcogenides. Chem. Soc. Rev. 2015, 44, 2643-2663. [CrossRef]

6. Kooi, B.J.; Noheda, B. Ferroelectric chalcogenides—materials at the edge. Science 2016, 353, 221-222. [CrossRef] [PubMed]

7. Yi, X,;Chen, Z; Yu, X.-F,; Zhou, Z.-K,; Li, J. Recent Advances in Quantum Effects of 2D Materials. Adv. Quantum Technol. 2019,
2,1800111. [CrossRef]

8. Lu, A.-Y,; Zhu, H,; Xiao, J.; Chuu, C.-P; Han, Y.; Chiu, M.-H.; Cheng, C.-C.; Yang, C.-W.; Wei, K.-H.; Yang, Y.; et al. Janus
monolayers of transition metal dichalcogenides. Nat. Nanotechnol. 2017, 12, 744-749. [CrossRef] [PubMed]

9. Hu, T, Jia, E; Zhao, G.; Wu, J.; Stroppa, A.; Ren, W. Intrinsic and anisotropic Rashba spin splitting in Janus transition-metal
dichalcogenide monolayers. Phys. Rev. B 2018, 97, 235404. [CrossRef]

10. Guo, S.-D.; Guo, X.-S.; Liu, Z.-Y; Quan, Y.-N. Large piezoelectric coefficients combined with high electron mobilities in Janus
monolayer XTel (X = Sb and Bi): A first-principles study. J. Appl. Phys. 2020, 127, 064302. [CrossRef]

11.  Ju, L. Bie, M,; Tang, X.; Shang, J.; Kou, L. Janus WSSe Monolayer: An Excellent Photocatalyst for Overall Water Splitting. ACS
Appl. Mater. Interfaces 2020, 12, 29335-29343. [CrossRef]

12.  Bekaert, J.; Khestanova, E.; Hopkinson, D.G.; Birkbeck, J.; Clark, N.; Zhu, M.; Bandurin, D.A.; Gorbachev, R.; Fairclough, S.;
Zou, Y.; et al. Enhanced Superconductivity in Few-Layer TaS; due to Healing by Oxygenation. Nano Lett. 2020, 20, 3808-3818.
[CrossRef] [PubMed]

13.  Guan, Z,; Nj, S. Predicted 2D ferromagnetic Janus VSeTe monolayer with high Curie temperature, large valley polarization and
magnetic crystal anisotropy. Nanoscale 2020, 12, 22735-22742. [CrossRef]

14. Yagmurcukardes, M.; Qin, Y.; Ozen, S.; Sayyad, M.; Peeters, EM.; Tongay, S.; Sahin, H. Quantum properties and applications of
2D Janus crystals and their superlattices. Appl. Phys. Rev. 2020, 7, 011311. [CrossRef]

15.  Shi, W.; Wang, Z. Mechanical and electronic properties of Janus monolayer transition metal dichalcogenides. J. Phys. Condens.
Matter 2018, 30, 215301. [CrossRef]

16. Zhang, C.; Nie, Y.; Sanvito, S.; Du, A. First-Principles Prediction of a Room-Temperature Ferromagnetic Janus VSSe Monolayer
with Piezoelectricity, Ferroelasticity, and Large Valley Polarization. Nano Lett. 2019, 19, 1366-1370. [CrossRef] [PubMed]

17.  Peng, R.; Ma, Y.; Huang, B.; Dai, Y. Two-dimensional Janus PtSSe for photocatalytic water splitting under the visible or infrared
light. J. Mater. Chem. A 2019, 7, 603-610. [CrossRef]

18. Sant, R.; Gay, M.; Marty, A.; Lisi, S.; Harrabi, R.; Vergnaud, C.; Dau, M.T.; Weng, X.; Coraux, J.; Gauthier, N.; et al. Synthesis of
epitaxial monolayer Janus SPtSe. NPJ 2D Mater. Appl. 2020, 4, 41. [CrossRef]

19. Riis-Jensen, A.C.; Deilmann, T.; Olsen, T.; Thygesen, K.S. Classifying the Electronic and Optical Properties of Janus Monolayers.
ACS Nano 2019, 13, 13354-13364. [CrossRef]

20. Yuan,];Yang, Y, Cai, Y.; Wu, Y.; Chen, Y,; Yan, X.; Shen, L. Intrinsic skyrmions in monolayer Janus magnets. Phys. Rev. B 2020,
101, 094420. [CrossRef]

21. Nguyen, H.T.T,; Tuan, V.V,; Nguyen, C.V,; Phuc, H.V.; Tong, H.D.; Nguyen, S.-T.; Hieu, N.N. Electronic and optical properties of a
Janus SnSSe monolayer: Effects of strain and electric field. Phys. Chem. Chem. Phys. 2020, 22, 11637-11643. [CrossRef]

22. Robin Chang, Y.H.; Yoon, T.L.; Yeoh, K.H.; Lim, T.L. Integrated SnSSe bulk and monolayer as industrial waste heat thermoelectric
materials. Int. |. Energy Res. 2021, 45, 2085-2099. [CrossRef]

23.  Alam, M.; Waheed, H.S.; Ullah, H.; Igbal, M.W.; Shin, Y.-H.; Khan, M.].L; Elsaeedy, H.L; Neffati, R. Optoelectronics properties of
Janus SnSSe monolayer for solar cells applications. Phys. B Condens. Matter 2022, 625, 413487. [CrossRef]

24. Zhang, X,; Cui, Y;; Sun, L,; Li, M,; Du, J.; Huang, Y. Stabilities, and electronic and piezoelectric properties of two-dimensional tin
dichalcogenide derived Janus monolayers. J. Mater. Chem. C 2019, 7, 13203-13210. [CrossRef]

25. Kahraman, Z.; Kandemir, A.; Yagmurcukardes, M.; Sahin, H. Single-Layer Janus-Type Platinum Dichalcogenides and Their
Heterostructures. J. Phys. Chem. C 2019, 123, 4549-4557. [CrossRef]

26. Xiao, W.-Z,; Xu, L.; Xiao, G.; Wang, L.-L.; Dai, X.-Y. Two-dimensional hexagonal chromium chalco-halides with large vertical
piezoelectricity, high-temperature ferromagnetism, and high magnetic anisotropy. Phys. Chem. Chem. Phys. 2020, 22, 14503-14513.
[CrossRef] [PubMed]

27.  Zhao, Y.-F; Shen, Y.-H.; Hu, H.; Tong, W.-Y.; Duan, C.-G. Combined piezoelectricity and ferrovalley properties in Janus monolayer
VCIBr. Phys. Rev. B 2021, 103, 115124. [CrossRef]

28. Kresse, G.; Hafner, J. Ab-initio molecular dynamics for liquid metals. Phys. Rev. B 1993, 47, 558-561. [CrossRef]


http://doi.org/10.1126/science.1102896
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1002/adma.201102306
http://doi.org/10.1021/nn501226z
http://doi.org/10.1039/C4CS00301B
http://doi.org/10.1126/science.aaf9081
http://www.ncbi.nlm.nih.gov/pubmed/27418490
http://doi.org/10.1002/qute.201800111
http://doi.org/10.1038/nnano.2017.100
http://www.ncbi.nlm.nih.gov/pubmed/28507333
http://doi.org/10.1103/PhysRevB.97.235404
http://doi.org/10.1063/1.5134960
http://doi.org/10.1021/acsami.0c06149
http://doi.org/10.1021/acs.nanolett.0c00871
http://www.ncbi.nlm.nih.gov/pubmed/32310666
http://doi.org/10.1039/D0NR04837B
http://doi.org/10.1063/1.5135306
http://doi.org/10.1088/1361-648X/aabd59
http://doi.org/10.1021/acs.nanolett.8b05050
http://www.ncbi.nlm.nih.gov/pubmed/30648394
http://doi.org/10.1039/C8TA09177C
http://doi.org/10.1038/s41699-020-00175-z
http://doi.org/10.1021/acsnano.9b06698
http://doi.org/10.1103/PhysRevB.101.094420
http://doi.org/10.1039/D0CP01860K
http://doi.org/10.1002/er.5902
http://doi.org/10.1016/j.physb.2021.413487
http://doi.org/10.1039/C9TC04461B
http://doi.org/10.1021/acs.jpcc.8b11837
http://doi.org/10.1039/D0CP02293D
http://www.ncbi.nlm.nih.gov/pubmed/32573625
http://doi.org/10.1103/PhysRevB.103.115124
http://doi.org/10.1103/PhysRevB.47.558

Nanomaterials 2022, 12, 101 10 of 10

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kresse, G.; Hafner, J. Ab-initio molecular-dynamics simulation of the liquid-metal —amorphous- semiconductor transition in
germanium. Phys. Rev. B 1994, 49, 14251-14269. [CrossRef]

Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15-50. [CrossRef]

Tuckerman, M.E. Ab-initio molecular dynamics: Basic concepts, current trends and novel applications. J. Phys. Condens. Matter
2002, 14, R1297. [CrossRef]

Zhu, X.-L,; Liu, P-E; Zhang, J.; Zhang, P.; Zhou, W.-X,; Xie, G.; Wang, B.-T. Monolayer SnP3: An excellent p-type thermoelectric
material. Nanoscale 2019, 11, 19923-19932. [CrossRef]

Zhu, X.-L.; Hou, C.-H.; Zhang, P; Liu, P--F; Xie, G.; Wang, B.-T. High Thermoelectric Performance of New Two-Dimensional
IV—-VI Compounds: A First-Principles Study. J. Phys. Chem. C 2020, 124, 1812-1819. [CrossRef]

Vu, T.V.; Nguyen, C.V,; Phuc, H.V,; Lavrentyev, A.A.; Khyzhun, O.Y.; Hieu, N.V.; Obeid, M.M.; Rai, D.P,; Tong, H.D.; Hieu, N.N.
Theoretical prediction of electronic, transport, optical, and thermoelectric properties of Janus monolayers InpXO (X =S, Se, Te).
Phys. Rev. B 2021, 103, 085422. [CrossRef]

Blochl, P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953-17979. [CrossRef] [PubMed]

Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758-1775.
[CrossRef]

Perdew, ].P,; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865-3868.
[CrossRef]

Chadi, D.J.; Cohen, M.L. Special Points in the Brillouin Zone. Phys. Rev. B 1973, 8, 5747-5753. [CrossRef]

Tao, W.-L,; Lan, J.-Q.; Hu, C.-E.; Cheng, Y.; Zhu, J.; Geng, H.-Y. Thermoelectric properties of Janus MXY (M = Pd, Pt; X, Y =S, Se,
Te) transition-metal dichalcogenide monolayers from first principles. J. Appl. Phys. 2020, 127, 035101. [CrossRef]

Liu, X,; Zhang, D.; Chen, Y.; Wang, H.; Wang, H.; Ni, Y. The thermoelectric properties of «-XP (X = Sb and Bi) monolayers from
first-principles calculations. Phys. Chem. Chem. Phys. 2021, 23, 24598-24606. [CrossRef] [PubMed]

Togo, A.; Tanaka, I. First principles phonon calculations in materials science. Scr. Mater. 2015, 108, 1-5. [CrossRef]

Li, W,; Carrete, J.; Katcho, N.A.; Mingo, N. ShengBTE: A solver of the Boltzmann transport equation for phonons. Comput. Phys.
Commun. 2014, 185, 1747-1758. [CrossRef]

Zhou, J.; Meng, L.; He, J.; Liu, C.; Yan, X. Band Structures Transformation in Two-Faced Janus Monolayer SnXY(X, Y = O, S, Se,
and Te). J. Electron. Mater. 2021, 50, 2504-2509. [CrossRef]

Goldoni, G.; Peeters, EM. Stability, dynamical properties, and melting of a classical bilayer Wigner crystal. Phys. Rev. B 1996, 53,
4591-4603. [CrossRef]

Hu, M,; Jing, Y.; Zhang, X. Low thermal conductivity of graphyne nanotubes from molecular dynamics study. Phys. Rev. B 2015,
91, 155408. [CrossRef]

Savin, A.; Nesper, R.; Wengert, S.; Fassler, T.F. ELF: The Electron Localization Function. Angew. Chem. Int. Ed. 1997, 36, 1808-1832.
[CrossRef]

Zhang, H.; Li, Y,; Hou, J.; Du, A.; Chen, Z. Dirac State in the FeB, Monolayer with Graphene-Like Boron Sheet. Nano Lett. 2016,
16, 6124-6129. [CrossRef] [PubMed]

Qiu, W.; Wu, L.; Ke, X; Yang, J.; Zhang, W. Diverse lattice dynamics in ternary Cu-Sb-Se compounds. Sci. Rep. 2015, 5, 13643.
[CrossRef] [PubMed]

Yang, D.; Yao, W,; Yan, Y.; Qiu, W.; Guo, L.; Lu, X; Uher, C,; Han, X.; Wang, G.; Yang, T,; et al. Intrinsically low thermal
conductivity from a quasi-one-dimensional crystal structure and enhanced electrical conductivity network via Pb doping in
SbCrSe;. NPG Asia Mater 2017, 9, €387. [CrossRef]

Feng, Z; Jia, T.; Zhang, J.; Wang, Y.; Zhang, Y. Dual effects of lone-pair electrons and rattling atoms in CuBiS; on its ultralow
thermal conductivity. Phys. Rev. B 2017, 96, 235205. [CrossRef]

Li, MK,; Sheng, C.Y;; Hu, R;; Han, S.H.; Yuan, HM.; Liu, H.J. Effects of van der Waals interactions on the phonon transport
properties of tetradymite compounds. New |. Phys. 2021, 23, 083002. [CrossRef]

Zhang, Y. A comparison study of the structural, electronic, elastic, dielectric and dynamical properties of Zr-based monolayer
dioxides (ZrO,) and dichalcogenides (ZrXy; X =S, Se or Te) as well as their Janus structures (ZrXY.; X, Y =0, S, Se or Te, Y # X).
Phys. E Low-Dimens. Syst. Nanostruct. 2021, 134, 114855. [CrossRef]

Touski, S.B.; Ghobadi, N. Structural, electrical, and Rashba properties of monolayer Janus Si;XY (X, Y = P, As, Sb, and Bi). Phys.
Rev. B 2021, 103, 165404. [CrossRef]

Bera, J.; Betal, A.; Sahu, S. Spin orbit coupling induced enhancement of thermoelectric performance of HfX; (X =S, Se) and its
Janus monolayer. J. Alloy. Compd. 2021, 872, 159704. [CrossRef]


http://doi.org/10.1103/PhysRevB.49.14251
http://doi.org/10.1016/0927-0256(96)00008-0
http://doi.org/10.1088/0953-8984/14/50/202
http://doi.org/10.1039/C9NR04726C
http://doi.org/10.1021/acs.jpcc.9b09787
http://doi.org/10.1103/PhysRevB.103.085422
http://doi.org/10.1103/PhysRevB.50.17953
http://www.ncbi.nlm.nih.gov/pubmed/9976227
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1103/PhysRevB.8.5747
http://doi.org/10.1063/1.5130741
http://doi.org/10.1039/D1CP04144D
http://www.ncbi.nlm.nih.gov/pubmed/34723296
http://doi.org/10.1016/j.scriptamat.2015.07.021
http://doi.org/10.1016/j.cpc.2014.02.015
http://doi.org/10.1007/s11664-021-08750-w
http://doi.org/10.1103/PhysRevB.53.4591
http://doi.org/10.1103/PhysRevB.91.155408
http://doi.org/10.1002/anie.199718081
http://doi.org/10.1021/acs.nanolett.6b02335
http://www.ncbi.nlm.nih.gov/pubmed/27580054
http://doi.org/10.1038/srep13643
http://www.ncbi.nlm.nih.gov/pubmed/26328765
http://doi.org/10.1038/am.2017.77
http://doi.org/10.1103/PhysRevB.96.235205
http://doi.org/10.1088/1367-2630/ac1553
http://doi.org/10.1016/j.physe.2021.114855
http://doi.org/10.1103/PhysRevB.103.165404
http://doi.org/10.1016/j.jallcom.2021.159704

	Introduction 
	Computational Methods 
	Results and Discussions 
	Summary 
	References

