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Effect of external magnetic
field and doping on electronic
and thermodynamic properties
of planer and buckled silicene
monolayer

Mona Abdi'*?, Erfan Norian® & Bander Astinchap?

In this research, the electronic and thermodynamic properties of the planer and buckled silicene
monolayer under an external magnetic field and doping using the tight-binding (TB) model and the
Green function approach are investigated. Also, the dependence of the electronic heat capacity and
magnetic susceptibility with temperature, external magnetic field, electron, and hole doping for

the planer and buckled silicene monolayer is calculated. Our numerical calculation exhibits that the
planer and buckled silicene monolayer have a zero band gap. We find that the electronic heat capacity
increases (decreases) by applying an external magnetic field, and electron and hole doping at lower
(higher) temperatures due to the increase in the thermal energy (scattering and collision) of the charge
carriers. Finally, we observe that the planer and buckled silicene monolayer is antiferromagnetic,
which is changed to the ferromagnetic phase when an external magnetic field and doping are applied,
which makes the silicene monolayer suitable for spintronic applications.

In 2004}, Graphene was discovered as the first two-dimensional structure. Graphene, which combines carbon
atoms to have a honeycomb structure, attracts a lot of attention from theoretical and experimental researchers
because of its electrical, and conductivity properties?. The unique properties of graphene led to studied of
other elements of group IV such as silicene and germanium with a similar structure to graphene®!1. Silicene in
1994 was predicted by theoretical researchers and then scanning tunneling microscopic (STM) images showed
silicene nanoribbons and sheets on a silver crystal. Silicene with a hexagonal structure is similar to graphene
which has different crystalline forms due to its hybridization!'" 2. According to hybridization, silicene is classi-
fied into two groups: planar silicene with hybridization sp? and buckled silicene with hybridization between sp?
and sp*'°. Many theoretical researchers used the TB method and density functional theory (DFT) to investigate
the optical, electrical, and thermal properties of silicene sheets'*~'. Guzman-Verri and Voon used TB to study
the electrical properties of silicene sheets and silicene nanotubes. Their results showed that silicene sheets have
a metallic or zero band gap’. Drummond et al. calculated the electronic structure of silicene in the presence of
an external electric field oriented perpendicular to the monolayer of Si atoms. They showed that the electric
field causes a tunable band gap at the Dirac point!’. Feyzi and Chegel investigated the electronic heat capacity,
electrical, and thermal conductivity of planar and buckled silicene monolayer through TB approximation by
applying doping atoms'®. Chegel et al. surveyed the density of states and electrical and optical conductivities of
monolayer and bilayer silicene using TB approximation and Green function method by applying the electric
field on doped bilayer silicene'®. Yarmohammadi studied electronic heat capacity and magnetic susceptibility
of ferromagnetic silicene sheets under strain that is focused on the effects of an external static electric field in
the presence of strain on electronic heat capacity and magnetic susceptibility of a ferromagnetic silicene sheet®.
In this paper, we study the effect of the external magnetic field, electron, and hole doping on density of states,
electronic heat capacity, and magnetic susceptibility of planar and buckled silicene monolayer in TB approxi-
mation. We applied the Green function for calculating the electronic heat capacity and magnetic susceptibility.
We investigate dependence of electronic heat capacity and magnetic susceptibility with temperature under the
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Figure 1. A schematic of the planar and buckled silicene monolayer.
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Table 1. The hopping parameters for silicene in the unit (eV)’.

effect of external magnetic field, electron, and hole doping. The setup of the remains of the paper is as follows. In
“Theory and model” section, we describe the TB model and Green’s function for computing the heat capacity and
magnetic susceptibility properties. We discuss the numerical results related to the effects of external magnetic
field and electron and hole doping on thermodynamic properties in “Result and discussion” section and we pull
the original results in “Conclusions”

Theory and model
In this section, we calculated the TB Hamiltonian of the planar and buckled silicene monolayer in the presence
of an external magnetic field, electron, and hole doping. Then we investigate the electronic and thermodynamic
properties of the planar and buckled silicene monolayer. Figure 1 shows a schematic of the planar and buckled
silicene monolayer.

In the first, we calculate TB Hamiltonian including the first nearest neighbors, to all 3s and 3p orbitals atom
Silicene. According to Fig. 1, the unit cell consists of A and B atoms and the three nearest neighbor vectors
defined below:

A ( 0, acoz‘<p)A _<_L a acot(p)A _(_L _a acotgo)
AN e NN Al A NN MG W

Here, the planar and buckled silicene are ¢ =90° and ¢ =101.7°, respectively, and the lattice constant defines
planar and buckled silicene a=3.86 A and a=3.89 A?!. Given that the unit cell consists of A and B atoms and
each sub-lattice consists of four orbitals (s, p,, p, p,)- Therefore Hamiltonian in terms of the operator’s creation
and annihilation is written as follows:

= > e P ssapsepal a4 N (MalTal — ST (gusBo )8 bupbspalal, .
11,058,050, 8 1,7,0,0,8,8,0, A 1,],0,00,8,5,p
)

where aand 8 determine sub-lattice, s and p denote the orbitals for each atom(s,px, py, pz)s EU B and t s;p(A)
onsite energy of silicene atoms and the hopping energy between different neighboring sites, respectlvely Operator
T o (a )is the creation (annihilating) of an electron in sub-lattice v, and g in orbitals s with unit cell i. A refers
to unit cell vectors of the nearest neighbors..upand g is the Bohr magnetron constant and gyromagnetic constant,
respectively. The TB model is determined by the hopping integrals between the different orbitals, described, in
the framework of a Slater-Koster explained, in terms of 0 and 7%, In Table 1 the hopping parameter is shown’.
To rewrlte the Hamlltoman Eq (2) in the reciprocal space, we defme the

to to ; of —
E (sk o> pX A py A pZ A sk B px B’ py 1B, P2k ) Creation vector. £ leads to HY, = z E o ak
which the Hamiltonian is calculated in the reciprocal space as follows:
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We calculated the Hamiltonian matrix Eq. (3) in detail in appendix A. Using the energy spectrum obtained
from the TB model Hamiltonian matrices, we can write the Hamiltonian by:

1
H= ZEZ nz (nTk (4)
k,o.n

According to Eq. (4), the electron Green function is given by:
Gy 1) = — (T (Cok, DCS K, 0))), (5)

here, 1 is imaginary time, and the Fourier transformations of the electronic Green’s function are obtained as
follows:

1

. BT e 1
G?l (k, l(l)n) = /0 e'? G?l (k, 'C) = m (6)
where T and w, = (2n + 1)wkpT are equilibrium temperature and fermions Matsubara frequency, respectively.

We can define the density of states of planar and buckle silicene monolayer as follows:

1
g(e) = _ﬁ Im (G;’] (ki — &+ 1O+)>. )
0o

Here, N is the number of atoms in the unit cell. In the following, we investigate the electronic heat capacity
and magnetic susceptibility for the planar and buckled silicene monolayer with the existence of the external
magnetic field, hole, and electron doping. The electronic heat capacity and magnetic susceptibility are defined in
terms of the density of states*>?*. The electronic heat capacity and magnetic susceptibility are given as a function
of the Green function as follows:

+oo 9 ,T 1 +00 kT
x(T) z/ ds(—%)g(s) = NET Z/ da%lm(GZ(k,s)). ®
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g(¢) is the density of states in the relation (7), ns(e, T) = the function is the Dirac-Fermi distribution.

1+ TtePe
Result and discussion

In the following, we study the results of the density of states, electronic heat capacity, and magnetic susceptibility
features of the planar and buckled silicene monolayer with the existence of the applied external magnetic field,
electron, and hole doping. We have used the TB model Hamiltonian to explain the electronic and thermodynam-
ics of the planar and buckled silicene monolayer. The density of states of planar and buckled silicene monolayer
for different values of the external magnetic field is shown in Fig. 2a,b. We can see that in the absence of the
external magnetic field of the planar and buckled silicene monolayer band gap is nearly zero and has metallic
properties®. By applying an external magnetic field perpendicular to the planar and buckled silicene monolayer,
its metallic properties increased. From Fig. 2a,b, we can adjust the band gap, by applying a magnetic field. In crys-
tal solids due to the presence of saddle points of energy dispersion in momentum space the van Hove singularity
in the density of states exists, which is a kink in the density of states. An interesting feature we see in Fig. 2a,b is
that in the presence of the external magnetic field each Van Hove singularity is split into two singularities and
with increasing the external magnetic field, the distance between splits increases. According to Zeeman Effect,
the external magnetic field leads to breaking the degeneracy of the energy levels in the valence (conduction)
bands at the K point. In other words, the Fermi energy approaches the van Hove energy by applying an external
magnetic field, and the VHS peak in DOS splits into two new ones. Our results are consistent with the works
done on the MoS, monolayer and SiC bilayer?®?’.

In Fig. 3a,c, we present the electronic heat capacity for planar and buckled silicene monolayers as a func-
tion of the temperature for different values of the external magnetic field. As can be seen, the electronic heat
capacity in all curves increases with increasing temperature until reaching Schottky anomaly?, which appears
at temperatures range of 1.0 eV <kyT < 1.5 eV. The electronic heat capacity for the temperatures of kyT > 1.5 eV
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Figure 2. (a,b) The electronic density of states of the planar and buckled silicene monolayer in the presence of
the external magnetic field.
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Figure 3. (a-d) The electronic heat capacity as a function of the temperature (external magnetic field) for

planar and buckled silicene monolayers in the presence of different external magnetic fields (temperatures),
respectively.

decreases with increasing an external magnetic field in Fig. 3a,c. In the low-temperature region, the curves
increase with an increase in temperature until the Schottky anomaly peak because, with increasing temperature,
more electrons can move from the valence band to the conduction band, which causes increased curves. Due
to the increase in the rate of electrons scattering, the curves decrease when the temperature rises. At tempera-
tures close to zero, only low energy levels are occupied, and here the probability of electron transfer to higher
levels is much lower. So, applying the magnetic field (hole and electron doping) provides the energy to transfer
electrons. Therefore, at the first by applying the magnetic field (hole and electron doping) the curves increase
at a fixed temperature. In Fig. 3a,c, we can see that the maximum electronic heat capacity decreased with an
increasing magnetic field. Based on this, we show that the majority of carriers are electrons and increase with
an increasing magnetic field*. Karimi et al. have achieved similar results by applying an external magnetic field
for bilayer graphene®. The electronic heat capacity at a small range of temperatures increased with the increas-
ing external magnetic field because the band gap decreased applying an increasing external magnetic field to
according Einstein’s model C(T) ~ e~®s/%8124 The electronic heat capacity is increased because the band gap
is decreasing as seen in Fig. 2a,b. To better examine changes in the electronic heat capacity with the external
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Figure 4. (a-d) the electronic heat capacity as a function of the temperature (electron doping) for the planar
and buckled silicene monolayer in the presence of different electron doping (temperatures), respectively.

magnetic field, we plot the electronic heat capacity in terms of the external magnetic field for the planar and
buckled silicene monolayer in Fig. 3b,d. In Fig. 3b, the electronic heat capacity of the planar silicene monolayer
as a function of the external magnetic field is shown. With increasing the external magnetic field, electronic
heat capacity reduces until guzB=1.2 eV, and then for the external magnetic field guyB>1.2 eV increases. The
electronic heat capacity of the buckled silicene monolayer in Fig. 3d displays that for the external magnetic fields
of 0.0 eV <gugB<0.5 eV and 2 eV <gupB/t<2.5 eV the electronic heat capacity decreases and for the external
magnetic fields of 0.5 eV < gupB <2 eV increases. At a constant external magnetic field at all curves in Fig. 3b,d
the electronic heat capacity rises with growing temperature. The results show that the electronic heat capacity
of the buckled silicene monolayer is more periodic which is because of more Van Hove singularity in DOS that
has been shown in Fig. 2.

In this step, the effect of electron doping on the electronic heat capacity was studied. We study the electronic
heat capacity of the planar and buckled silicene monolayer as a function of the temperature for various values of
electron doping in Fig. 4a,c. The number of electrons moved from the valance band to the conduction band by
increasing temperature, leads to the electronic heat capacity increasing. With more increasing temperature (when
the thermal energy has much more than the different energy between the valance band and conduction band)
population of electrons in the conduction band increase, and increased the scattering rate of electrons causes a
decrease in the electronic heat capacity. In the other words, to understand the situation in which heat capacity
increases up to the Schottky anomaly, we need the entropy concept. The entropy of the system helps to claim that
at a fairly low temperature, the entropy of the system comprising electrons is very low, while it increases as the
temperature is increased up to the Schottky anomaly. At this anomaly, we deal with almost filled states, so heat
capacity decreases with temperature. The transition probability of electrons from the lower bands to the upper
bands decreases at high temperatures.

At the range of low temperature, in Fig. 4a,c by increasing electron doping, the electronic heat capacity of the
planar and buckled silicene monolayer increases. But at high temperatures, due to the predominance of thermal
fluctuations and insignificant quantum effects, with the increase of electron doping, the increased scattering rate
of electrons decreases as a result of the electronic heat capacity. We have investigated the electronic heat capacity
of planar and buckled silicene monolayer as a function of electron doing in Fig. 4b,d. In Fig. 4b the electronic heat
capacity of planar silicene monolayer with increasing electron doping is reduced until 0.0 eV << 1.0 eV and then
for u>1.0 eV grows. Figure 4d shows that the electronic heat capacity for 0.0 eV <u<0.75eVand2eV<u<2.5eV
is decreased and for 0.75 eV < <2 eV is increased. The sign of doping affects the scattering process, such that
positive doping binds up the hole while negative doping attracts electrons. Therefore, we increase the electron
(hole) doping, it increases (decreases) the scattering, hence the electronic heat capacity decreases (increases). For
Fig. 4b,d in the fixed amount of electron doping, with increasing temperature, electronic heat capacity is growing.

We also have examined the temperature dependence of the electronic heat capacity of the planar and buck-
led silicene monolayer for various values of hole doping in Fig. 5a,c. In Fig. 5a,c, we can see that in all curves
Schottky anomaly appears, and by increasing hole doping the Schottky anomaly height is reduced. At a small
temperature range, increasing hole doping led to electronic heat capacity being raised. Based on Einstein’s model
C(T) ~ e %/*8733 we find out that for planar and buckled silicene monolayers, an increase in hole doping is the
cause of the increase in metallic properties. To illustrate how the electronic heat capacity changes with hole dop-
ing, we plotted the electronic heat capacity of the planar and buckled silicene monolayer in terms of hole doping
in Fig. 5b,d. The electronic heat capacity of the planar silicene monolayer for the range of — 3.0 eV<u<—1.0eV
is reduced and the range of — 1.0 eV < <0.0 eV is increased (Fig. 5b). For buckled silicene monolayer in Fig. 5d,
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Figure 5. (a-d) the electronic heat capacity as a function of the temperature (hole doping) for the planar and
buckled silicene monolayer in the presence of different hole doping (temperatures), respectively.
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Figure 6. (a-d) the magnetic susceptibility as a function of the temperature (external magnetic field) for
planar and buckled silicene monolayers in the presence of different external magnetic fields (temperatures),
respectively.

the electronic heat capacity at the range of - 3.0 eV <pu<—-2.75eV and — 1.0 eV << - 1.5 ¢V is reduced and for
-275eV<pu<—1.0eVand - 1.5eV<u<0.0 eV is grow. In Fig. 5b,d, at a constant value of hole doping with
increasing temperature electronic heat capacity raises.

Magnetic properties of materials are categorized based on their magnetic susceptibility. Susceptibility indicates
a substance’s ability to become magnetized in response to an external magnetic field. Magnetic susceptibility is
determined by  and is dimensionless. Magnetic materials are classified according to their magnetic suscepti-
bility characteristics: diamagnetic substances which have negative susceptibilities (x <0); paramagnetic, super-
paramagnetic, and ferromagnetic substances which have positive susceptibilities (x >0)*. Therefore, given the
importance of magnetic susceptibility, Fig. 6a,c depict magnetic susceptibility as a function of the temperature for
various values of the external magnetic field for the silicene monolayer. The magnetic susceptibility changes with
temperature following the Brillouin equation®!, at a low-temperature range, according to the Brillouin equation
magnetic susceptibility is increased with the increasing temperature where electrons behave like quantum parti-
cles. At high temperatures, the magnetic susceptibility changes with temperature following the Curie-Weiss law®!
that the magnetic susceptibility reduces as a function of inverse temperature. In the range of low temperatures,
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Figure 7. (a-d) the magnetic susceptibility as a function of the temperature (electron doping) for planar and
buckled silicene monolayers in the presence of different electron doping (temperatures), respectively.

at a constant temperature, increasing the external magnetic field led to magnetic susceptibility raises (Fig. 6a,c).
We see obviously at high temperatures in Fig. 6a,b, at a fixed temperature, with the increasing external magnetic
field, the magnetic susceptibility is reduced which is similar to the magnetic susceptibility behavior of armchair
graphene nanoribbon in the presence of an external magnetic field that reported by Rezania et al.*2. As we can
see, the planar and buckled silicene monolayer is an antiferromagnetic material that has changed to the ferro-
magnetic phase by applying an external magnetic field. The temperature at which magnetic susceptibility reaches
its maximum value is called the Neel temperature. With the phase change of the material to ferromagnetic, the
Neel temperature changes to the Curie temperature”’. We present the magnetic susceptibility dependence of
external magnetic field for planar and buckled silicene monolayer in Fig. 6b,d. The magnetic susceptibility of
the planar silicene monolayer at the external magnetic field in the value range of 0.0 eV < guzB < 1.3 eV is grown
and at 1.3 eV <gupB <3.0 eV is decreased in Fig. 6b. At the value external magnetic field of 0.0 eV < gupB <0.5 eV
and 2.0 eV < g B <3 eV with increasing temperature, the magnetic susceptibility is boosted and at the exter-
nal magnetic field of 0.5 eV < gupB <2.0 eV with raising temperature magnetic susceptibility is reduced. The
magnetic susceptibility of buckled silicene monolayer at external magnetic fields of 0.0 eV <guB < 0.5 eV and
2eV<gugB<2.5¢eVisincreased and for 0.5 eV <gupB <2 eV and 2.5 eV < gupB <3.0 eV is decreased (Fig. 6d). In
the fixed amount of external magnetic field at 0.0 eV < gupB < 0.5 eV and 1.0 eV < gupB <2.0 eV with increasing
temperature the magnetic susceptibility is grown and then at an external magnetic field of 0.5 eV <guzB<1.0 eV
and 2.0 eV < gupB <3.0 eV by increasing temperature the magnetic susceptibility is decreased.

In Fig. 7a,c the magnetic susceptibility of planar and buckled silicene monolayer in terms of temperature for
different values of electron doping is depicted. In Fig. 7a,c the intensity of the peak that appears in each curve
increased with rising electron doping. In the low temperatures range, at a constant temperature, by growing
electron doping, the magnetic susceptibility is raised. Also, in the high temperatures range, at a constant tem-
perature with increasing electron doping, the magnetic susceptibility is reduced (in Fig. 7a,c). We examined
the magnetic susceptibility of the planar and buckled silicene monolayer as a function of electron doping for
different amounts temperatures (Fig. 7b,d). The magnetic susceptibility of the planar silicene monolayer with
increasing electron doping is increased at a range of 0.0 eV <1< 1.0 eV, but for the p value of 1.0 eV <u<3.0 eV
it’s decreased (in Fig. 7b). In the electron doping range of 0.0 eV <u<0.5 eV and 2.0 eV < <3.0 eV with grow-
ing temperature, the magnetic susceptibility is increased and for the value of 0.5 eV < <2 eV with increasing
temperature, the magnetic susceptibility has reduced. The magnetic susceptibility of the buckled silicene mon-
olayer at 0.0 eV <u<0.75 eV and 1.75 eV <u<2.5 eV has increased, but for the value of 0.75 eV <u<1.75 eV
and 2.5 eV <p<3 eV has decreased (in Fig. 7d). In the electron doping range of 0.0 eV <p<0.5 eV and
1.0 eV <pu<2.0 eV with growing temperature, the magnetic susceptibility is increased and at 0.5 eV<u<1 eV
and 2.0 eV <p<3.0 eV it is reduced.

Finally, we investigate the effect of hole doping on the magnetic susceptibility of the planar and buckled
silicene monolayer. In Fig. 8a,c the magnetic susceptibility of the planar and buckled silicene monolayer is
depicted as a function of temperature for different values of hole doping. In Fig. 8a,c we can see that at low
temperatures, the magnetic susceptibility increases with temperature according to the Brillouin equation
and then decreases with the reverse temperature at higher temperatures according to Curie-Weiss law. The
dependence of the magnetic susceptibility on temperature can be divided into two ranges. At a temperature
value of 0.0 eV <kzT <0.75 eV, the magnetic susceptibilities with growing hole doping increase, and after its
peak with rising hole doping, the magnetic susceptibilities decrease. Resulting of the magnetic susceptibility
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Figure 8. (a-d) the magnetic susceptibility as a function of the temperature (hole doping) for planar and
buckled silicene monolayers in the presence of different hole doping (temperatures), respectively.

of the planar and buckled silicene monolayer as a function of hole doping for different temperatures is shown
in Fig. 8b,d. The magnetic susceptibility of the planar silicene monolayer increases for the hole doping
range of — 3.0 eV<u<—1.0eV and — 1.0 eV<pn<0.0 eV decreases (in Fig. 8b). At the hole doping range of
-3.0eV<u<—2.0eVand-0.75eV<u<0.0 eV, the magnetic susceptibilities increases with increasing tempera-
ture, and for — 2.0 eV <p<—0.75 eV it’s reduced. Figure 8d shows that the magnetic susceptibility of the buckled
silicene monolayer increased for hole doping in the range of - 3.0 eV <pu<—-2.5eVand - 1.5eV<u<-0.75¢V,
but for the range of — 2.5eV<u<—1.5eVand - 0.75 eV <pu<0.0 eV its decreased. At constant hole doping, at the
range of —2.0eV<pu<—1.0eVand - 0.5 eV <pu<0.0 eV, the magnetic susceptibilities with growing temperature
raised, and for the range of — 3.0 eV<p<—2.0 eV and — 1.0 eV <p<— 0.5 eV with increasing temperature it’s
reduced.

The type of the majority of charge carriers of the type of carriers n-typed or p-type doped has a significant
effect on the thermodynamic properties. Our results show that the type of carriers is changing in different
external magnetic fields and doping ranges®. Therefore, these changes in the majority of charge carriers cause a
change in the order of the dipoles, which makes the process of changing the magnetic susceptibility in terms of
external magnetic field and doping not regular.

Conclusions

To summarize, we computed the electronic and thermodynamic properties of the planar and buckled silicene
monolayer by employing the TB and Green’s function method. The temperature, external magnetic field, and
electron and hole doping effects on the electronic heat capacity, magnetic susceptibility, and density of states
have been examined. Our results show that the planer and buckled silicene monolayer have a zero band gap.
Also, the electronic heat capacity and magnetic susceptibility change by applying an external magnetic field,

and electron and hole doping. Controlling these properties leads to the application of silicene in electronic and
spintronic devices.

Data availability

We did not use any information and the supporting file includes proof of relationships.

Received: 22 May 2022; Accepted: 13 December 2022
Published online: 24 December 2022

References
. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666-669 (2004).

. Berger, C. et al. Electronic confinement and coherence in patterned epitaxial graphene. Science 312, 1191-1196 (2006).

. Geim, A. K. Graphene: Status and Prospects. 1530-1534 (2009).

. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in graphene. Nature 438, 197-200 (2005).

. Zhang, Y, Tan, Y. W, Stormer, H. L. & Kim, P. Experimental observation of the quantum Hall effect and Berry’s phase in graphene.
Nature 438, 201-204 (2005).

. Cahangirov, S., Topsakal, M., Aktiirk, E., Sahin, H. & Ciraci, S. Two-and one-dimensional honeycomb structures of silicon and
germanium. Phys. Rev. Lett. 102, 236804 (2009).

7. Guzmén-Verri, G. G. & Voon, L. C. L. Y. Electronic structure of silicon-based nanostructures. Phys. Rev. B 76, 75131 (2007).

8. Kara, A. et al. A review on silicene—new candidate for electronics. Surf. Sci. Rep. 67, 1-18 (2012).

G W N~

(=2}

Scientific Reports |  (2022) 12:22277 | https://doi.org/10.1038/s41598-022-26353-1 nature portfolio



www.nature.com/scientificreports/

9. Nakano, H. et al. Soft synthesis of single-crystal silicon monolayer sheets. Angew. Chemie Int. Ed. 45, 6303-6306 (2006).

10. Ni, Z. et al. Tunable bandgap in silicene and germanene. Nano Lett. 12, 113-118 (2012).

11. Okamoto, H. et al. Silicon nanosheets and their self-assembled regular stacking structure. J. Am. Chem. Soc. 132, 2710-2718 (2010).

12. Sugiyama, Y. et al. Synthesis and optical properties of monolayer organosilicon nanosheets. . Am. Chem. Soc. 132, 5946-5947
(2010).

13. Huang, S., Kang, W. & Yang, L. Electronic structure and quasiparticle bandgap of silicene structures. Appl. Phys. Lett. 102, 133106
(2013).

14. Liu, C.-C,, Jiang, H. & Yao, Y. Low-energy effective Hamiltonian involving spin-orbit coupling in silicene and two-dimensional
germanium and tin. Phys. Rev. B 84, 195430 (2011).

15. Mohan, B., Kumar, A. & Ahluwalia, P. K. A first principle calculation of electronic and dielectric properties of electrically gated
low-buckled mono and bilayer silicene. Phys. E Low-dimensional Syst. Nanostruct. 53, 233-239 (2013).

16. Priede, L. M. & Meza-Montes, L. Electron-energy-loss spectra of free-standing silicene. J. Nano Res. 28, 1-7 (2014).

17. Drummond, N. D., Zolyomi, V. & Fal’Ko, V. L. Electrically tunable band gap in silicene. Phys. Rev. B 85, 75423 (2012).

18. Feyzi, A. & Chegel, R. Heat capacity, electrical and thermal conductivity ofsilicene. Eur. Phys. J. B 89, 193 (2016).

19. Chegel, R, Feyzi, A. & Moradian, R. Electrical and optical conductivities of bilayer silicene: Tight-binding calculations. Int. J. Mod.
Phys. B 31, 1750158 (2017).

20. Yarmohammadi, M. Electronic heat capacity and magnetic susceptibility of ferromagnetic silicene sheet under strain. Solid State
Commun. 250, 84-91 (2017).

21. Geissler, E, Budich, J. C. & Trauzettel, B. Group theoretical and topological analysis of the quantum spin Hall effect in silicene.
New J. Phys. 15, 85030 (2013).

22. Cappelluti, E., Roldan, R., Silva-Guillén, J. A., Ordejon, P. & Guinea, F. Tight-binding model and direct-gap/indirect-gap transition
in single-layer and multilayer MoS,. Phys. Rev. B Condens. Matter Mater. Phys. 88, 1-21 (2013).

23. White, R. M., White, R. M. & Bayne, B. Quantum Theory of Magnetism Vol. 1 (Springer, 1983).

24. Kittel, C. Introduction to Solid State Physics (Wiley, 2004).

25. Chegel, R. & Behzad, S. Controlling the thermoelectric behaviors of biased silicene via the magnetic field: Tight binding model.
Phys. E Low-dimensional Syst. Nanostruct. 135, 114945 (2022).

26. Abdi, M. & Astinchap, B. Influence of magnetic field and bias voltage on the thermal conductivity and seebeck coefficient of AA-
stacked bilayer SiC.

27. Abdi, M. & Astinchap, B. Effect of the magnetic field and electron/hole doping on electronic heat capacity and Pauli spin suscep-
tibility of monolayer MoS, in the presence of electron-phonon coupling. Mater. Today Commun. 26, 101859 (2021).

28. Hoi, B. D. et al. Schottky anomaly and Néel temperature treatment of possible perturbed hydrogenated AA-stacked graphene, SiC,
and h-BN bilayers. RSC Adv. 9, 41569-41580 (2019).

29. Karimi, S. & Rezania, H. Effect of magnetic field on specific heat and magnetic susceptibility of biased bilayer graphene: A full
band approach. Chem. Phys. 525, 110417 (2019).

30. Cullity, B. D. & Graham, C. D. Introduction to Magnetic Materials (Wiley, 2011).

31. Pathria, R. K. & Beale, P. D. Statistical Mechanics, vol. 3. (2011).

32. Rezania, H. & Azizi, F. Charge susceptibilities of armchair graphene nanoribbon in the presence of magnetic field. Chin. Phys. B
25, 97303 (2016).

33. Abdi, M. & Astinchap, B. Thermoelectric properties of monolayer MoS, in the presence of magnetic field and electron/hole doping
by using the Holstein model. ECS J. Solid State Sci. Technol. 9(7), 073004 (2020).

Author contributions
M.A. analysis and interpretation of data, and writing, E.N. conception of the work and editing, B.A. software
and substantively revised.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-26353-1.

Correspondence and requests for materials should be addressed to M.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:22277 | https://doi.org/10.1038/s41598-022-26353-1 nature portfolio


https://doi.org/10.1038/s41598-022-26353-1
https://doi.org/10.1038/s41598-022-26353-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of external magnetic field and doping on electronic and thermodynamic properties of planer and buckled silicene monolayer
	Theory and model
	Result and discussion
	Conclusions
	References


