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Investigating the magnetic, 
thermoelectric, 
and thermodynamic properties 
of the GeCH3 single‑layer 
considering external magnetic 
field, doping, and strain
Mona Abdi 1,2 & Bandar Astinchap 1,2*

Extensive research is ongoing to improve the performance of thermoelectric and thermodynamic 
properties of the material because preventing energy waste is vital in modern society. Herein, we 
study the thermoelectric and thermodynamic properties of the GeCH3 single-layer (SL) under the 
influence of an external magnetic field, electron doping, and tensile and compressive biaxial strain 
by using the tight-binding and equilibrium Green’s function method. We found that the electronic 
heat capacity, magnetic susceptibility, and electronic thermal and electrical conductivity increase 
by employing an external magnetic field, electron doping, and tensile biaxial strain. However, 
compressive biaxial strain yields a decrease in thermoelectric and thermodynamic properties. The 
results of our study show that the GeCH3 SL is paramagnetic. The results presented here that the 
GeCH3 SL is a suitable alternative for use in thermoelectric, spintronic, and valleytronics devices.

In the past decades, graphene has generated enthusiasm for research on two-dimensional (2D) materials1–3. One 
of the interesting characteristics of graphene is having high carrier mobility4, which is employed for electronic 
instruments. In addition, the zero band gap of graphene has yielded a series of restrictions in the application of 
microelectronic devices5,6. Therefore, the researcher’s attempt was made to open the band gap of graphene and 
search for other 2D materials with appropriate carrier mobility and band gap. However, 2D materials such as 
transition-metal chalcogenides (MoS2, WS2… et.)7,8, Silicene9, Germanene10, and phosphorene11,12 have been 
studied by researchers. Among these 2D materials, MoS2 has a favorable band gap, but its carrier’s mobility is 
low13. The phosphorene has a sufficient band gap, while the carrier mobility is poorly unstable14. Silicene and Ger-
manene have attracted lots of study interest due to their high carrier mobility, low effective mass, and quantum 
spin Hall Effect15–17. However, the low band gap of Silicene and Germanene has restricted their use in electronic 
applications18. Recently, the GeH monolayer has been experimentally synthesized on SiO2/Si surface by mechani-
cal exfoliation technique19. The GeH has enticed attention in the fields of optoelectronics and electronics due to 
having a band gap of 1.52 eV and low effective mass20. One of the disadvantages of the GeH is its low thermal 
stability, which leads to other surface terminations of the Germanene coming to scholars’ attention21. Recently 
experimental studies on conductivity of the synthesized GeH monolayer show that GeH is a material with high 
mobility and low conductivity22,23. To solve this problem, a new 2D material GeH has recently been synthesized 
by substituting –H termination in GeH with –CH3 a material called the GeCH3. GeCH3 has an indirect gap 
of 1.69 eV, thermal stability to the temperature of 250 °C, and strong photoluminescence emission24. Liu et al. 
synthesized GeCH3 using a solvothermal method to investigate photocatalytic properties25. They demonstrated 
that GeCH3 has more suitable photocatalytic properties than GeH due to its lower charge transfer resistance, 
higher surface area, and preferable electronic structure. Livache et al. studied the optoelectronic properties of 
GeCH3 synthesized by the one-step covalent methyl-termination method26. Also, a series of studies have been 
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performed on the electronic and structural properties of GeCH3 monolayer under strain effects27,28. Sheng et al. 
examined GeCH3 nanoribbons under strain effect via density functional theory (DFT)29. Their results exhibited 
that the band gap alters strongly with the amount of strain but does not change with the different widths. Due to 
the unique properties of GeCH3, it can be introduced as an important candidate for thermoelectric properties 
in the next generations. However, the thermodynamic and thermoelectric properties of the GeCH3 have not 
been reported. In this work, we study effects of the external magnetic field, biaxial strain, and electron doping on 
thermodynamic and thermoelectric properties of GeCH3SL in TB approximation. We used the Green function 
for calculating the electronic heat capacity, magnetic susceptibility, thermal conductivity, and electrical conduc-
tivity GeCH3SL. The frame of the remains of the paper is as follows. In section II, we report the TB model and 
Green’s function for calculating the total electronic heat capacity, magnetic susceptibility, thermal conductivity, 
and electrical conductivity. We discuss the numerical results related to the impacts of external magnetic field, 
biaxial strain, temperature, and electron doping on thermodynamic and thermoelectric properties in section 
III, and we pull the original results in section VI.

Theory and model
The TB method is used as a functional strategy to study the properties of semiconductors. The TB method is a 
precise technique to determine the nature of bonds and the source of forces. The Hamiltonian of the TB model 
is calculated by the Slater-Koster (SK) parameters30. The SK parameters are utilized to compute the interaction 
between orbitals on neighboring atoms31. In the following, we study the thermoelectric and thermodynamic 
properties of the GeCH3SL via the TB model. According to Fig. 1, the GeCH3SL has a hexagonal structure, and 
its geometrical parameters have been determined. In Fig. 1b, we can see that the bulk hexagonal structure has 
three atomic layers and the Ge atom is sandwiched between the outer two methyl layers.

Based on DFT calculations, the GeCH3SL has a lattice constant of a = 3.9 A°, and the bond length between 
Ge–Ge and Ge-C atoms is 2.415 A° and 1.972 A°, respectively28. Also, the bulk height h between two various Ge 
sub-lattices is 0.788 A°. The DFT calculations exhibit that the electronic properties of the GeCH3SL are deter-
mined by s, px, and py orbitals27. The effective Hamiltonian of the TB model in the nearest-neighbor approxima-
tion with the presence of the spin–orbit coupling and the external magnetic field is as follows:

where, α and β refer to s, px, py orbitals, a†.σi.α (a
σ
i.α) is the creation (annihilation) operator for electrons of α 

orbitals in the i atom. εσi.α is on-site energy of the α orbitals in the i atom and ti.α.j.β indicate hopping energy from 
the α orbital of the i atom to the β orbital of the j atom. The SK parameters for GeCH3SL are given in Table 1. In 
the third term µB and g represents the Bohr magneton and gyromagnetic constants, respectively, and B is an 
external magnetic field. In the fourth term � is spin–orbit coupling strength that its value is 0.096 eV28, εξνγ 
defines the Levi–Civita symbol, and σγ

σ
′
σ
 implies Pauli matrices.

Using the energy spectrum obtained from the TB model Hamiltonian matrices, we can write the Hamiltonian 
by32:
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Figure 1.   Graphic of (a) top and (b) side views of the GeCH3SL structure atomic.

Table 1.   The SK parameters for GeCH3SL in the unit eV28.

vssσ vspσ vppσ vppπ Es Ep

− 2.20 2.65 2.85 − 0.85 − 5.01 2.1
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Based on Eq. (2), the electron Green function offered as:

here, τ refers to imaginary time, and the Fourier transformations of the electronic Green’s function are 
achieved by:

Applying strain to a system causes changes in its electronic properties and also leads to alter bond lengths 
and bond angles. In the following, we will examine the change of parameters hopping energy of the GeCH3SL 
in the presence of the biaxial strain. There are several strategies to discover this altered energy hopping33. We 
employed Harrison’s law to modify the SK parameters for s and p orbitals that are proportionate to the square 
inverse of the distance i.e. Vαβγ ≈ 1

r2
 , which α and β are the types of orbitals and γ is the type of overlap between 

orbitals ( σ .π)12.
When the biaxial strain applied to the GeCH3SL does not change its structure hexagonal, only the initial 

lattice vectors −→r0  deformed to −→r  . We can write −→r =

(
x̂i + ŷj + zk̂

)
 vectors in terms of −→r0 =

(
x0̂i + y0̂j + z0k̂

)
 

vectors as follows:

In Eq. (5) εx and εy refers to the direction of strain in x and y, respectively. For simplicity, we assume that 
εy = εx = ε . In the linear deformation regime, the development of a modified bond vector −→r  as a function of 
the ε offers as follows:

here, αx = x0
2

r02
 and αy =

y0
2

r02
 are the coefficients related to the geometrical system of the GeCH3single-layer, 

that αx + αy = (cosϕ0)
2 , and ϕ0 is the initial bulk angle. Using Harrison’s law for SK parameters under biaxial 

strain written as follows:

In Eq. (7), C is a multiplicative constant, and V0
αβγ parameters of SK are not modified. So that Eq. (7) deter-

mines the modified SK parameters, according to which we can calculate the physical properties of strained 
GeCH3SL. In the following, we present the thermoelectric and thermodynamic properties of the GeCH3SL using 
electron Green’s function34. To compute the electronic heat capacity and magnetic susceptibility, we first calculate 
the density of states (DOS), which is described by:

By defining the DOS, we can compute the total magnetic susceptibility and electronic heat capacity35–37. 
However, the electronic heat capacity and magnetic susceptibility in terms of DOS are obtained as follows:

In Eq. (9), nf = 1

1+eβ(E−µ) is the Fermi–Dirac distribution function. Now we calculate thermal, Seebeck coef-
ficient, and electrical conductivity utilizing transport coefficients, which we have38,39:

That the transport coefficients according to the electron Green’s function are defined as follows:
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In the next section, we examine the numerical consequences of the thermoelectric and thermodynamic 
properties of the GeCH3SL in the presence of electron doping, strain, and external magnetic fields.

Numerical results
Due to its high thermal stability, the GeCH3 SL is used as a topological insulator candidate at high temperatures. 
The thermoelectric and thermodynamic properties of the GeCH3SL have not been examined yet. Therefore, we 
investigate the thermoelectric and thermodynamic properties of the GeCH3SL under the effect of the external 
magnetic field, electron doping, and biaxial strain by employing the TB model. The electronic DOS of the GeCH3 
SL with different external magnetic fields is shown in Fig. 2a. We can see that GeCH3 SL has a band gap at E = 0 
of the Fermi level. In Fig. 2a, the external magnetic field changes the number and position of the peaks. Due 
to the Zeeman effect, increasing the external magnetic field increases the split of the peaks, which reduces the 
band gap37. 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 work done on the 
MoS2 monolayer and SiC bilayer37,39. The GeCH3 SL change from semiconductor to the conductor as the external 
magnetic field increases. Figure 2b shows the electronic DOS of GeCH3 SL in the presence of different tensile 
biaxial strains. As we can see, tensile biaxial strains reduce the band gap. These results have been confirmed by 
Yandong et al27.

In Fig. 3a, the electronic heat capacity for the GeCH3SL is illustrated as a function of temperature in the pres-
ence of various external magnetic fields. The electronic heat capacity increases by growing temperature in Fig. 3a 
because the kinetic energy of electrons rises with increasing temperature, which yields electrons to transfer to 
the conduction band. It is observed in Fig. 3a that at a constant temperature, the electronic heat capacity has 
risen with the increase of the external magnetic field. Because the external magnetic field, by applying force to 
the electrons, causes them to move from the valence band to the conduction band. These results are confirmed 
by Abdi et.al8. The magnetic properties of materials are determined via their magnetic susceptibility. Magnetic 
susceptibility is the ability of a material to be magnetized in a magnetic field. Materials are classified according 
to their magnetic susceptibility into diamagnetic ( χ < 0 ), paramagnets, ferromagnetic, and antiferromagnetic 
( χ > 0 ). Figure 3b depicts variations in the magnetic susceptibility of the GeCH3SL with temperature for dif-
ferent values of the external magnetic field. According to the Curie–Weiss law for paramagnetic materials the 
magnetic susceptibility is χ ≈ 1

T
40. In Fig. 3b, we can see that the GeCH3SL is a paramagnetic material. As we 

know, an external magnetic field can order the magnetic dipoles; for this reason, the magnetic susceptibility has 
grown with the increase of the external magnetic field in Fig. 3b.

Now, we offer the effects of electron doping on the numerical results of the thermodynamic properties 
of the GeCH3SL. The dependence of the electronic heat capacity of the GeCH3SL on temperature under the 
influence of electron doping is displayed in Fig. 4a. As can be seen, the electronic heat capacity rises with the 
growing temperature. Rising temperature cause an increase in the electronic heat capacity, because of better 
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Figure 2.   The electronic DOS of the GeCH3 SL (a) in the presence of different external magnetic fields and (b) 
for different tensile biaxial strains.
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electron repositioning from the valence band to the conduction band. Consequently, electron doping increases 
the population of electrons in the conduction band. Based on the curve’s variation in Fig. 4a, it can conclude 
that electron doping increases the electronic heat capacity. In the electron doping value of µ = 0.05eV  , we can 
observe that the Schottky anomaly emerges in the electronic heat capacity. Figure 4b exhibits the magnetic sus-
ceptibility of the GeCH3SL in terms of temperature at different values of electron doping. According to the value 
of magnetic susceptibility in Fig. 4b, the GeCH3SL is a paramagnetic material. By applying electron doping, the 
electronic heat capacity curve changes with temperature. In the electron doping of µ = 0.02eV  , the magnetic 
phase of the material alters to antiferromagnetic, and its Neel temperature is 150 K. For fixed temperature, the 
magnetic susceptibility decreases with increasing electron doping in Fig. 4b; Because electron doping increases 
the population of electrons in the conduction band. As a result, the ordering of the dipoles decreases and leads 
to a lowering in magnetic susceptibility.

Strain yields modifications in the length and angle of bonds. Therefore, the strain alters the SK parameters, 
which leads to changing the properties of the material. In the following, we study the effects of tensile biaxial 
strain on the thermodynamic properties of the GeCH3SL. Figure 5a displays the temperature dependence of the 
electronic heat capacity of the GeCH3SL for different tensile biaxial strains. The behavior of electronic heat capac-
ity rises with temperature. As we can observe in Fig. 5a, applying tensile biaxial strain increases the electronic 
heat capacity. The tensilebiaxial strain reduces the band gap in the GeCH3 SL28. According to Einstein-Debye 

law C(T) ∼ e

(
−

Eg
kBT

)
35, a drop in the band gap increases the electronic heat capacity. These results are confirmed 

by Liu et.al41. Figure 5b shows the magnetic susceptibility of the GeCH3SL vs. temperature for various tensile-
biaxial strains. Based on the Curie–Weiss law, the GeCH3SL is a paramagnetic material, because the magnetic 
susceptibility reduces with temperature inverse. Increases magnetic susceptibility by applying tensilebiaxial 

Figure 3.   (a) The electronic heat capacity (b) magnetic susceptibility of the GeCH3SL versus temperature for 
various external magnetic fields.

Figure 4.   (a) The electronic heat capacity (b) magnetic susceptibility of the GeCH3SL versus temperature for 
various electron doping.
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strain at a constant temperature, exhibiting that tensilebiaxial strain generates the arrangement of magnetic 
dipoles at room temperature.

We are going to investigate the effect of the compressive biaxial strain on the thermodynamic properties of 
the GeCH3SL. The electronic heat capacity is a vital parameter to consider the thermodynamic properties of 
materials. The electronic heat capacity as a function of temperature by applying compressive biaxial strain is 
plotted in Fig. 6a. The electronic capacity rises exponentially with an increase in temperature. We can find from 
Fig. 6a that the electronic heat capacity reduces with the increase of compressive biaxial strain. In Fig. 6b, the 
compressive biaxial strain is applied to the magnetic susceptibility. It can be observed from Fig. 6b that as the 
compressive biaxial strain grows; the magnetic susceptibility decreases. This shows that the compressive biaxial 
strain reduces the order and orientation of the dipoles.

The electronic thermal conductivity of the GeCH3SL in the temperature range of 400 K under the effect of 
different external magnetic fields can be seen in Fig. 7a. At low temperatures, due to the lack of allowed charge 
carriers, there is not enough energy to transition charge carriers from the valance band to the conduction band, 
so the value of electronic thermal conductivity is zero. On the other hand, in the zero external magnetic fields, 
increasing the temperature increases the scattering rate of the carriers, as a result, the inter-band transition 
increases. Further, with applying of the stronger external magnetic field, the growth rate of electronic thermal 
conductivity has increased due to the increase in order and proper orientation of charge carriers. Figure 7b shows 
the electrical conductivity of the GeCH3SL in terms of temperature under the effect of different external magnetic 
fields. At T = 0 K, with an increase in the intensity of the external magnetic field, the dynamics of charged particles 
are limited along the direction of the magnetic field (magnetic energy is dominant), as a result of the inter-band 
transition of organized charge carriers, electrical conductivity increases. In the lower temperature range (lower 
than room temperature), the electrical conductivity decreases with increasing temperature.

Figure 5.   (a) The electronic heat capacity (b) magnetic susceptibility of the GeCH3SL as a function of the 
temperature for different tensile biaxial strains.

Figure 6.   (a) The electronic heat capacity and (b) magnetic susceptibility of the GeCH3SL as a function of the 
temperature for different compressive biaxial strains.



7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1598  | https://doi.org/10.1038/s41598-023-28430-5

www.nature.com/scientificreports/

As the population of electrons increases, the rate of inter-band transitions will increase. But an increase in the 
population of electrons can increase (decrease) the affected quantity depending on the type of property being 
calculated. Figure 8a and b shows the electronic thermal conductivity and electrical conductivity of the GeCH3SL 
under the effect of electron doping in terms of temperature, respectively. It can be seen that the electronic thermal 
conductivity increases with increasing electron doping (Fig. 8a). This increase in electronic thermal conductivity 
is since the kinetic energy of the charge carriers increases with rising electron doping and as a result, inter-band 
transitions increase. Figure 8b shows the changes in electrical conductivity with temperature under various 
electron doping. It is seen that the electrical conductivity behavior at low and high temperatures is different in 
the presence and absence of electron doping. The results show that electrical conductivity is at its highest value 
at T = 0 and µ = 0 . Moreover, with increasing electron doping, electrical conductivity decreases in the lower 
temperature range. At µ = 0 , with the increase in temperature, the electrical conductivity decreases owing to 
the increase in the scattering rate of electrons and decrease in the transition energy level.

In the following, the result of the effect of the biaxial strain on the thermoelectric properties of the GeCH3SL 
is presented. Figure 9a exhibits the dependence of the electronic thermal conductivity on the temperature in the 
presence of various tensile biaxial strains. As we can see in Fig. 9a, the electronic thermal conductivity grows 
with increasing temperature. When the temperature increases, the kinetic energy of electrons raise and results 
in the electrons move to the conduction band. Furthermore, an increase in tensile biaxial strain yields increase 
in electronic thermal conductivity. This result shows that the tensile biaxial strain reduces the band gap and 
causes an increase in electronic thermal conductivity. The electrical conductivity of the GeCH3SL is plotted in 
Fig. 9b in terms of temperature by employing tensile biaxial strain. It can be seen that the electrical conductivity 
in the absence of strain decreases with increasing temperature. When tensile biaxial strain is applied, electrical 
conductivity rises at an invariant temperature.

Figure 7.   (a) and (b) The electronic thermal and electrical conductivity in terms of temperature under the 
effect of various external magnetic fields, respectively.

Figure 8.   (a) The electronic thermal conductivity and (b) electrical conductivity of the GeCH3SL under the 
effect of electron doping in terms of temperature.
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Eventually, Fig. 10a and b show the behavior of the electronic thermal conductivity and electrical conductiv-
ity with the compressive uniaxial strain for GeCH3SL, respectively. In Fig. 10a and b, we observe that applying 
compressive biaxial strain reduces thermal and electrical conductivity. We find that compressive biaxial strain 
increases the band gap and prevents more electrons from moving into the conduction band.

Figure 11a exhibits the numerical results of the dependence of the Seebeck coefficient on temperature, which 
is affected by different external magnetic fields. Furukawa et al. proposed that the Seebeck coefficient sign deter-
mines the kind of the majority of the charge carriers42. So, the positive (negative) sign of the Seebeck coefficient 
demonstrates that the charge and heat carriers are transferred by the hole (electron). In Fig. 11a, the sign of the 
Seebeck coefficient is positive in the whole temperature range, which denotes the GeCH3 SL is a p-type semi-
conductor. Also, by applying an external magnetic field, the sign of the Seebeck coefficient does not change and 
remains positive. In the following, we want to study dependence of the Seebeck coefficient of the GeCH3 SL on 
the various tensile biaxial strains. The Seebeck coefficient for the GeCH3 SL versus temperature for tensile biaxial 
strains is plotted in Fig. 11b. The Seebeck coefficient sign changes from positive to negative at temperatures above 
500 K and at tensile biaxial strain of %15 in Fig. 11b. Therefore, GeCH3 SL from a p-type semiconductor to an 
n-type at tensile biaxial strain of %15.

Concluding remarks
To summarize, we theoretically examined the thermoelectric, thermodynamic, and magnetic properties of the 
GeCH3SL via the TB model and Green’s function approach. The effects of external magnetic field, electron doping, 
temperature, and tensile and compressive biaxial strain on the electronic thermal conductivity, electrical conduc-
tivity, electronic heat capacity, and magnetic susceptibility have been studied. The electronic thermal conductivity 

Figure 9.   (a) and (b) The electronic thermal and electrical conductivity as a function of temperature under the 
effect of various tensile biaxial strains, respectively.

Figure 10.   (a) The electrical thermal conductivity and (b) electrical conductivity as a function of temperature, 
for several compressive biaxial strains.
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and heat capacity increases with increasing temperature, meanwhile magnetic susceptibility, and electrical con-
ductivity decreases. We found that the GeCH3SL is a paramagnetic material. Therefore, The GeCH3SL alters to 
antiferromagnetic by electron doping. Furthermore, the electronic heat capacity, magnetic susceptibility, and 
electronic thermal and electrical conductivity are increased by employing an external magnetic field, electron 
doping, and tensile biaxial strain. However, compressive biaxial strain yields a decrease in thermoelectric and 
thermodynamic properties. The sketched properties of the GeCH3SL will be very effective for its application in 
next-generation thermoelectric, spintronic, and valleytronics devices.

Data availability
All data generated during this study are included in this published article. In detail, we calculated the thermo-
electric and thermodynamic properties of the GeCH3 single-layer (SL) by using the tight-binding (TB) and 
equilibrium Green’s function method. The more calculations detail described in the manuscript, will be freely 
available to any researcher wishing to use them by connect to the corresponding author.
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