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Spin structure factors of doped 
monolayer Germanene 
in the presence of spin‑orbit 
coupling
Farshad Azizi & Hamed Rezania* 

In this paper, we present a Kane-Mele model in the presence of magnetic field and next nearest 
neighbors hopping amplitudes for investigations of the spin susceptibilities of Germanene 
layer. Green’s function approach has been implemented to find the behavior of dynamical spin 
susceptibilities of Germanene layer within linear response theoryand in the presence of magnetic 
field and spin-orbit coupling at finite temperature. Our results show the magnetic excitation mode 
for both longitudinal and transverse components of spin tends to higher frequencies with spin-orbit 
coupling strength. Moreover the frequency positions of sharp peaks in longitudinal dynamical spin 
susceptibility are not affected by variation of magnetic field while the peaks in transverse dynamical 
susceptibility moves to lower frequencies with magnetic field. The effects of electron doping on 
frequency behaviors of spin susceptibilities have been addressed in details. Finally the temperature 
dependence of static spin structure factors due to the effects of spin-orbit coupling, magnetic field and 
chemical potential has been studied.

A lot of theoretical and experimental studies have been performed on Graphene as a one-atom-thick layer of 
graphite since it’s fabrication1. The low energy linear dispersion and chiral property of carbon structure leads 
to map the nearest neighbor hopping tight binding hamiltonian which at low energy to a relativistic Dirac 
Hamiltonian for massless fermions with Fermi velocity vF . Novel electronic properties have been exhibited by 
Graphene layer with a zero band gap which compared to materials with a non-zero energy gap. These materials 
have intriguing physical properties and numerous potential practical applications in optoelectronics and sensors2.

Recently, the hybrid systems consisting of Graphene and various two-dimensional materials have been studied 
extensively both experimentally and theoretically3–5. Also, 2D materials could be used for a extensive applications 
in nanotechnology6,7 and memory technology8. While the research interest in Graphene-based superlattices is 
growing rapidly, people have started to question whether the Graphene could be replaced by its close relatives, 
such as 2 dimensional hexagonal crystal of Germanene. This material shows a zero gap semiconductor with 
massless fermion charge carriers since their π and π∗ bands are also linear at the Fermi level9. Germanene as 
counterpart of Graphene, is predicted to have a geometry with low-buckled honeycomb structure for its most 
stable structures in contrast to the Graphene monolayer9,10. Such small buckling as vertical distance between 
two planes of atoms for Germanene comes from the mixing of sp2 and sp3 hybridization11,12. The behavior of 
Germanene electronic structure shows a linear dispersion close to K and K’ points of the first Brillouin zone. 
However ab initio calculations indicated that spin-orbit coupling in Germanene causes to small band gap opening 
at the Dirac point and thus the Germanene has massive Dirac fermions10,13. Also the band gap due to the spin 
orbit coupling in Germanene is more remarkable rather than that in Graphene14. The intrinsic carrier mobility 
of Germanene is higher than Graphene15. The different dopants within the Germanene layer gives arise to the 
sizable band gap opening at the Dirac point an the electronic properties of this material are affected by that16,17. 
In a theoretical work, the structural and electronic properties of superlattices made with alternate stacking of 
Germanene layer are systematically investigated by using a density functional theory with the van der Waals 
correction18. It was predicted that spin orbit coupling and exchange field together open a nontrivial bulk gap 
in Graphene like structures leading to the quantum spin hall effect19,20. The topological phase transitions in the 
2D crystals can be understood based on intrinsic spin orbit coupling which arises due to perpendicular electric 
field or interaction with a substrate. Kane and Mele21 applied a model Hamiltonian to describe topological insu-
lators. Such model consists of a hopping and an intrinsic spin-orbit term on the Graphene like structures. The 
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Kane-Mele model essentially includes two copies with different sign for up and down spins of a model introduced 
earlier by Haldane22. Such microscopic model was originally proposed to describe the quantum spin Hall effect 
in Graphene21. Subsequent band structure calculations showed, however, that the spin orbit gap in Graphene 
is so small23,24 that the quantum spin Hall effect in Graphene like structures is beyond experimental relevance.

In-plane magnetic field affects the magneto conductivity of honeycomb structures so that the results show the 
negative for intrinsic gapless Graphene. However the magneto-resistance of gapless Graphene presents a posi-
tive value for fields lower than the critical magnetic field and negative above the critical magnetic25. Moreover, 
microwave magneto transport in doped Graphene is an open problem26.

The many body effects such as Coulomb interaction and its dynamical screening present the novel features 
for any electronic material. The collective spectrum and quasiparticle properties of electronic systems are deter-
mined form dynamical spin structure factors. These are applied to imply the optical properties of the system. 
Moreover a lot of studies have been done on collective modes of monolayer Graphene both theoretically27,28 and 
experimentally29. However there are no the extensive theoretical studies on doped bilayer systems.

The frequency dependence of dynamical spin susceptibility has been studied and the results causes to find 
the collective magnetic excitation spectrum of many body system. It is worthwhile to explain the experimental 
interpretation of imaginary part of dynamical spin susceptibilities. Slow neutrons scatter from solids via magnetic 
dipole interaction in which the magnetic moment of the neutron interacts with the spin magnetic moment of 
electrons in the solid30. We can readily express the inelastic cross-section of scattering of neutron beam from 
a magnetic system based on correlation functions between spin density operators. In other words the differ-
ential inelastic cross section d2σ/d�dω corresponds to imaginary part of spin susceptibilities. ω describes the 
energy loss of neutron beam which is defined as the difference between incident and scattered neutron energies. 
� introduces solid angle of scattered neutrons. The spin excitation modes of the magnetic system have been 
found via the frequency position of peaks in d2σ/d�dω . Depending on component of spin magnetic moment 
of electrons that interacts with spin of neutrons, transverse and longitudinal spin susceptibility behaviors have 
been investigated. The imaginary and real part of non-interacting change susceptibilities of Graphene within 
an analytical approach have been calculated A theoretical work has been performed for calculating both31. The 
results of this study shows there is no remarkable angle dependence for imaginary part of polarizability around 
the van Hove singularity, i.e, �ω/t = 2.0 where t implies nearest neighbor hopping integral.

It is worthwhile to add few comments regarding the comparison Germanene and Graphene like structure. As 
we have mentioned, the most important difference between Germanene structure ad Graphene one arises from 
the nonzero overlap function between nearest neighbor atoms in Germanene structure. Response functions of 
Graphene in the presence of spin-orbit coupling have been studied recently32,33. In this references, the optical 
absorption of Graphene structure in the presence of spin-orbit coupling and magnetic field has been theoretically 
studied. Optical absorption rate corresponds to the charge transition rate of electrons between energy levels. 
However in our work, we have investigated the dynamical spin susceptibility of Germanene structure due to 
spin-orbit coupling. In other words we have specially studied the transition rate of magnetic degrees freedom of 
electrons. Such study is a novelty of our work so that there is no the theoretical work on the study of magnetic 
excitation modes in Germanene structure due to spin-orbit coupling. These studies have been performed for 
Graphene like structures and the most important difference between our results and the spin susceptibilities 
of Graphene structure is the effects of overlap function in Germanene structure compared to Graphene lattice. 
In fact overlap function has considerable impact on the frequency position of excitation mode and also on the 
intensity of scattered neutron beam from Germanene structure.

The purpose of this paper is to provide a Kane Mele model including intrinsic spin-orbit interaction for study-
ing frequency behavior of dynamical spin susceptibility of Germanene layer in the presence of magnetic field 
perpendicular to the plane. Using the suitable hopping integral and on site parameter values, the band disper-
sion of electrons has been calculated. Full band calculation beyond Dirac approximation has been implemented 
to derive both transverse and longitudinal dynamical spin susceptibilities. We have exploited Green’s function 
approach to calculate the spin susceptibility, i.e. the time ordered spin operator correlation. The effects of electron 
doping, magnetic field and spin-orbit coupling on the spin structure factors have been studied. Also we discuss 
and analyze to show how spin-orbit coupling affects the frequency behavior of the longitudinal and transverse 
spin susceptibilities. Also we study the frequency behavior of dynamical spin susceptibility of Germanene due 
to variation of chemical potential and magnetic field. Also the effects of spin-orbit coupling constant and mag-
netic field on temperature dependence of both transverse and longitudinal static spin susceptibilities have been 
investigated in details.

Model Hamiltonian and formalism
The crystal structure of Germanene has been shown in Fig. 1. The unit cell of Germanene structure is similar 
to Graphene layer and this honeycomb lattice depicted in Fig. 2. The primitive unit cell vectors of honeycomb 
lattice have been shown by a1 and a2 . In the presence of longitudinal magnetic field, the Kane-Mele model21 (H) 
for Germanene structure includes the tight binding model ( HTB ), the intrinsic spin-orbit coupling ( HISOC ) and 
the Zeeman term ( HZeeman ) due to the coupling of spin degrees of freedom of electrons with external longitu-
dinal magnetic field B

The tight binding part of model Hamiltonian consists of three parts; nearest neighbor hopping, next nearest 
neighbor (2NN) hopping and next next nearest neighbor (3NN) hopping terms. The tight binding part, the 
spin orbit coupling term and the Zeeman part of the model Hamiltonian on the honeycomb lattice are given by

(1)H =HTB +HISOC +HZeeman.
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Here aσi (b
σ
i ) is an annihilation operator of electron with spin σ on sublattice A(B) in unit cell index i. The opera-

tors fulfill the fermionic standard anti commutation relations {aσi , a
σ ′†
j } = δijδσσ ′ . As usual t, t′, t′′ denote the 

nearest neighbor, next nearest neighbor and next next nearest neighbor hopping integral amplitudes, respectively. 
The parameter � introduces the spin-orbit coupling strength. Also B refers to strength of applied magnetic field. 
g and µB introduce the gyromagnetic and Bohr magneton constants, respectively. σ z is the third Pauli matrix, 
and νa(b)ji = ±1 as discussed below. Based on Fig. 2, a1 and a2 are the primitive vectors of unit cell and the length 
of them is assumed to be unit. The symbol � = 0,�1,�2 implies the indexes of lattice vectors connecting the 
unit cells including nearest neighbor lattice sites. The translational vectors �1,�2 connecting neighbor unit 
cells are given by
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Figure 1.   Crystal structure of Germanene.

Figure 2.   The structure of honeycomb structure is shown. The light dashed lines denote the Bravais lattice 
unit cell. Each cell includes two nonequivalent sites, which are indicated by A and B. a1 and a2 are the primitive 
vectors of unit cell.
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Also index �′ = �1,�2,−�1,−�2, j,−j implies the characters of lattice vectors connecting the unit cells includ-
ing next nearest neighbor lattice sites. Moreover index �′′ =

√
3i, j,−j denotes the characters of lattice vectors 

connecting the unit cells including next next nearest neighbor lattice sites. We consider the intrinsic spin-orbit 
term21 of the KM Hamiltonian in Eq. (2). The expression νa(b)ji  gives ±1 depending on the orientation of the sites. 
A standard definition for ναji in each sublattice α = A,B is ναji =

(

dαj ×dαi
|dαj ×dαi |

)

.ez = ±1 where dαj  and dαi  are the two 
unit vectors along the nearest neighbor bonds connecting site i to its next-nearest neighbor j. Moreover ez implies 
the unit vector perpendicular to the plane. Because of two sublattice atoms, the band wave function ψσ

n (k, r) can 
be expanded in terms of Bloch functions �σ

α(k, r) . The index α implies two inequivalent sublattice atoms A, B 
in the unit cell, r denotes the position vector of electron, k is the wave function belonging in the first Brillouin 
zone of honeycomb structure. Such band wave function can be written as

where Cσ
nα(k) is the expansion coefficients and n = c, v refers to condition and valence bands. Also we expand 

the Bloch wave function in terms of Wannier wave function as

so that Ri implies the position vector of ith unit cell in the crystal and φα is the Wannier wave function of electron 
in the vicinity of atom in i th unit cell on sublattice index α . By inverting the expansion Eq. (4), we can expand 
the Bloch wave functions in terms of band wave function as following relation

where Dσ
αn(k) is the expansion coefficients and we explain these coefficients in the following.

The small Buckling in Germanene causes to the considerable value for 2NN and 3NN hopping amplitude. 
Moreover we have considerable values for overlap parameters of electron wave functions between 2NN and 3NN 
atoms. The band structures of electrons with spin σ of Germanene described by model Hamiltonian in Eq. (2) 
are obtained by using the matrix form of Schrodinger as follows

Using the Bloch wave functions, i.e. �α(k) , the matrix elements of H and S are given by

The matrix elements of Hσ
αβ and Sσαβ are expressed based on hopping amplitude and spin-orbit coupling between 

two neighbor atoms on lattice sites and can be expanded in terms of hopping amplitudes t, t′, t′′ , spin orbit cou-
pling � and overlap parameters. The diagonal elements of matrixes H in Eq. (7) arise from hopping amplitude 
of electrons between next nearest neighbor atoms on the same sublattice and spin-orbit coupling. Also the off 
diagonal matrix elements with spin channel σ , i.e. Hσ

AB,H
σ
BA , raise from hopping amplitude of electrons between 

nearest neighbor atoms and next next nearest neighbor atoms on the different sublattices. These matrix elements 
are obtained as

Based on matrix elements Hσ
αβ(k) , the model Hamiltonian in Eq. (2) is written in terms of Fourier transforma-

tion of creation and annihilation fermionic operators as
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so that the operator aσk (b
σ
k ) annihilates an electron at wave vector k with spin index σ on sublattice A(B) and 

has the following relation as

The matrix elements of S(k) , i.e. SAA(k) , SAB(k) , SBA(k) and SBB(k) are expressed as

so that s is the overlap between orbital wave function of electron respect to the nearest neighbor atoms, s′ denotes 
the overlap between orbital wave function of electron respect to the next nearest neighbor atoms and s′′ implies 
the overlap between orbital wave function of electron respect to the next next nearest neighbor atoms. The density 
functional theory and ab initio calculations has been determined the hopping amplitudes and overlap values 
s, s′, s′′ as18 t = −1.163, t′ = −0.055, t ′′ = −0.0836, s = 0.01207, s′ = 0.0128, s′′ = 0.048 . Using the Hamiltonian 
and overlap matrix forms in Eqs. (9, 12), the band structure of electrons, i.e. Eση (k) has been found by solving 
equation det

(

H(k)− E(k)S(k)
)

= 0 . Moreover the matrix elements of C(k) can be found based on eigenvalue 
equation in Eq. (7). Equation (7) can be rewritten as matrix equation as follows

In a similar way, we can express the matrix from for Eq. (6)

The final results for band structure and expansion coefficients, i.e. Cσ
nα and Dσ

αn , are lengthy and are not given 
here. The valence and condition bands of electrons have been presented by Eσv (k) and Eσc (k) respectively. In the 
second quantization representation, we can rewrite the Eq. (14) as

Using band energy spectrum, the Hamiltonian in Eq. (2) can be rewritten by

where cσ
η,k defines the creation operator of electron with spin σ in band index η at wave vector k . Since longi-

tudinal magnetic field has been applied perpendicular to the Germanene layer, the electronic Green’s function 
depends on the spin index σ =↑,↓ . According to the model Hamiltonian introduced in Eq. (2), the elements of 
spin resolved Matsubara Green’s function are introduced as the following forms

T introduces the time ordering operator and arranges the creation and annihilation operators in terms of time 
of them without attention to the their algebra. The Fourier transformation of each Green’s function element is 
obtained by

where ωm = (2m+ 1)πkBT denotes the Fermionic Matsubara frequency. After some algebraic calculation, the 
following expression is obtained for Green’s functions in Fourier presentation
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where α,β refer to the each atomic basis of honeycomb lattice and Eση (k) is the band structure of Germanene 
layer in the presence of magnetic field and spin-orbit coupling. For determining the chemical potential, µσ , we 
use the relation between concentration of electrons ( ne ) and chemical potential. This relation is given by

In fact the diagonal matrix elements of the Hamiltonian in Eq. (9) depends on chemical potential µ . Thus eigen-
values, i.e. Eση (k) includes the factor µ . Therefore the right hand of Eq. (20) depends on chemical potential µ . 
With an initial guess for chemical potential µ , we can solve the algebraic eq. (20) so that we can find the chemi-
cal potential value for each amount for electronic concentration ne . These statements have been added to the 
manuscript after Eq. (20). Based on the values of electronic concentration ne , the chemical potential, µ , can be 
obtained by means Eq. (20). In order to obtain the magnetic excitation spectrum of Germanene structure both 
transverse and longitudinal dynamical spin susceptibilities have been presented using Green’s function method 
in the following section.

Dynamical and static spin structure factors
The correlation function between spin components of itinerant electrons in Germanene layer at different times 
can be expressed in terms of one particle Green’s functions. The frequency Fourier transformation of this cor-
relation function produces the dynamical spin susceptibility. The frequency position of peaks in dynamical spin 
susceptibility are associated with collective excitation of electronic gas described by Kane-Mele model Hamilto-
nian in the presence of magnetic field. These excitations are related to the spin excitation spectrum of electrons 
on Honeycomb structure. In the view point of experimental interpretation, the dynamical spin susceptibility of 
the localized electrons of the system is proportional to inelastic cross-section for magnetic neutron scattering 
from a magnetic system that can be expressed in terms of spin density correlation functions of the system. In 
other words the differential inelastic cross section d2σ/d�dω is proportional to imaginary part of spin suscep-
tibilities. ω denotes the energy loss of neutron beam which is defined as the difference between incident and 
scattered neutron energies. The solid angle � implies the orientation of wave vector of scattered neutrons from 
the localized electrons of the sample. We can assume the wave vector of incident neutrons is along z direction. 
The solid angle � depends on the polar angle between wave vector of scattered neutrons and the wave vector of 
the incident neutrons. The frequency position of peaks in d2σ/d�dω determines the spin excitation spectrum 
of the magnetic system30. In order to study the general spin excitation spectrum of the localized electron of the 
systems, both transverse and longitudinal dynamical spin-spin correlation functions have been calculated. Lin-
ear response theory gives us the dynamical spin response functions based on the correlation function between 
components of spin operators. We introduce χ+− as transverse spin susceptibility and its relation is given by

in which �n = 2nπkBT is the bosonic Matsubara frequency and T  implies the time order operator. Also the 
wave vector q in Eq. (21) implies the difference between incident and scattered neutron wave vectors. The Fourier 
transformations of transverse components of spin density operators, ( S+(−) ), in terms of fermionic operators 
is given by

Substituting the operator form of S+ and S− into definition of transverse spin susceptibility in Eq. (21), we arrive 
the following expression for transverse dynamical spin susceptibility ( χ+−(q, i�n))

that N is the number of unit cells in Germanene structure. In order to calculate the correlation function in 
Eq. (23), one particle spin dependent Green’s function matrix elements presented in Eq. (19) should be exploited. 
After applying Wick’s theorem and taking Fourier transformation, we can transverse susceptibility in terms of 
one particle spin dependent Green’s function
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χ+−(q, i�n) =

∫ 1/(kBT)

0

dτei�nτ
1
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〈
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The applied magnetic field to the Germanene layer causes to the spin dependent property for one particle Green’s 
function. In order to perform summation over Matsubara frequency ωm in Eq. (24), the Matsubara Green’s func-
tion elements should be written in terms of imaginary part of retarded Green’s function matrix elements using 
Lehman equation34 as

where Gσ
αβ(k, iωm −→ ǫ + i0+) denotes the retarded Green’s function matrix element. By replacing Lehman 

representation for Matsubara Green’s function matrix elements into Eq. (24) and taking summation over fermi-
onic Matsubara frequency ωm , we obtain dynamical transverse spin susceptibility of electrons on Germanene 
structure as following form

where nF(x) = 1

ex/kBT+1
 implies well known Fermi-Dirac distortion function. The Fourier transformation of 

longitudinal component of the spin, i.e. Sz(q) , is given in terms of fermionic operators as

Also χzz is introduced as longitudinal spin susceptibility and its relation can be expressed in terms of correlation 
function between z component of spin operators as

After some algebraic calculations similar to transverse spin susceptibility case, we arrive te final results for Mat-
subara representation of longitudinal dynamical spin susceptibility as

The dynamical spin structure factor for both longitudinal and transverse spin directions are obtained based on 
retarded presentation of susceptibilities as

so that χzz and χ+− are retarded dynamical spin structure factors for longitudinal and transverse components of 
spins, respectively. The imaginary part of retarded dynamical spin structure factor, i.e. Imχ+−(q,ω), Imχzz(q,ω) , 
is proportional to the contribution of localized spins in the neutron differential cross-section. For each q the 
dynamical structure factor has peaks at certain energies which represent collective excitations spectrum of the 
system. The imaginary parts of both retarded transverse and longitudinal spin structure factors are given by

(24)χ+−(q, i�n) = −
kBT

N

∑

k

∑

α,β

∑

m

G
↑
βα(k, iωm)G

↓
αβ(k + q, i�n + iωm).

(25)Gσ
αβ(k, iωm) =

∫ +∞

−∞

dǫ

2π

−2ImGσ
αβ(k, iωm −→ ǫ + i0+)

iωm − ǫ
,

(26)

χ+−(q, i�n) =−
1

N

∑

k

∑

α,β

∫ +∞

−∞

∫ +∞

−∞

dǫdǫ′

π2
ImG

↑
βα(k, ǫ + i0+)ImG

↓
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×
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′)

i�n + ǫ − ǫ′
,

(27)Sz(q) =
∑

k,σ

σ

(

a†σk+qa
σ
k + b†σk+qb

σ
k

)

(28)
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∫ +∞

−∞
dteiωt�[Sz(q, t), Sz(−q, 0)]�
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The frequencies of collective magnetic excitation modes are determined via finding the position of peaks in 
imaginary part of of imaginary part of dynamical spin susceptibilities.

Static transverse spin structure factor ( s+−(q) ) which is a measure of magnetic long range ordering for spin 
components along the plane, i.e. transverse direction, can be related to imaginary part of retarded dynamical 
spin susceptibility using following relation

Moreover can find the static longitudinal spin structure factor, i.e. s+−(q) , by using Imχzz(q,ω) as

In the next section, the numerical results of dynamical spin structure and static spin structures of Germanene 
layer have been presented for various magnetic field and spin-orbit coupling strength.

Numerical results and discussions
We turn to a presentation of our main numerical results of imaginary part of dynamical structure factors of 
Germanene layer at finite temperature in the presence of magnetic field and spin-orbit coupling. Also the tem-
perature dependence of static structure factors has been addressed in this section. Using the electronic band 
structure, the matrix elements of Fourier transformations of spin dependent Green’s function are calculated 
according to Eq. (19). The imaginary part of both transverse and longitudinal dynamical spin susceptibilities is 
made by substituting the Green’s function matrix elements into Eq. (31). In the following, the frequency behavior 
of imaginary part of dynamical spin susceptibilities is studied at fixed wave number q = (0, 4π

3
) in the Brillouin 

zone where the length of unit cell vector of honeycomb lattice is taken to be unit. Furthermore the static structure 
factors have been obtained by using Eqs. (32, 33).

The frequency behaviors of both the transverse and longitudinal dynamical spin susceptibilities have been 
addressed in this present study. Also the spin structure factors behaviors have been investigated for Germanene 
structure.

The optimized atomic structure of the Germanene with primitive unit cell vector length a = 1 is shown in 
Fig. 1. The primitive unit cell include two Ge atoms.

In Fig. 3, we depict the frequency dependence of imaginary part of longitudinal dynamical spin sus-
ceptibility, Imχzz(q0,ω) , of undoped Germanene layer for different values of spin-orbit coupling, namely 
�/t = 0.08, 0.12, 0.16, 0.2 , in the absence of magnetic field by setting kBT/t = 0.05 . In fact the effects of spin-
orbit coupling strength on frequency dependence of Imχzz(q,ω) have been studied in this figure. As shown in 
Fig. 3, the frequency positions of sharp peaks in Imχzz(q0,ω) , that imply spin excitation mode for longitudinal 
components of spins, moves to higher frequencies with increase of spin-orbit coupling. This fact can be under-
stood from this point that the increase of spin-orbit coupling leads to enhance band gap in density of states and 
consequently the excitation mode appears in higher frequency. Note that this figure shows the inelastic cross 
section neutron particles from itinerant electrons of the system due to longitudinal component along z direction 

(32)

s+−(q) =
〈

S+(q)S−(−q)
〉

=kBT
∑

n

1

2π

∫ ∞

−∞
dω

−2Imχ+−(q, iωn −→ ω + i0+)

iωn − ω

=
∫ +∞

−∞
dω

nB(ω)

π
Imχ+−(q, iωn −→ ω + i0+).

(33)

szz(q) =
〈

Sz(q)Sz(−q)
〉

= kBT
∑

n

1

2π

∫ ∞

−∞
dω

−2Imχzz(q, iωn −→ ω + i0+)

iωn − ω

=
∫ +∞

−∞
dω

nB(ω)

π
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Figure 3.   The imaginary part of dynamical longitudinal spin susceptibility Imχzz(q0,ω) of undoped 
Germanene layer versus normalized frequency ω/t for different values of normalized spin-orbit coupling �/t at 
fixed temperature kBT/t = 0.05 . The magnetic field is considered to be zero.



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7651  | https://doi.org/10.1038/s41598-021-87268-x

www.nature.com/scientificreports/

of magnetic moment of electrons and neutron beam. Another novel feature in Fig. 3 is the increase of intensity of 
sharp peak with � . For frequencies above normalized value 1.5, there is no collective magnetic excitation mode 
for longitudinal components of electron spins as shown in Fig. 3.

The frequency dependence of imaginary part of longitudinal dynamical spin structure factor of undoped 
Germanene layer in the presence of spin polarization for different magnetic field values gµBB/t has been shown 
in Fig. 4 at fixed �/t = 0.6 by setting kBT/t = 0.05 . A novel feature has been pronounced in this figure. It is clearly 
observed that all curves for different magnetic field indicates two clear magnetic excitation collective modes 
at frequencies ω/t ≈ 0.45 and ω/t ≈ 2.1 . The frequency positions of magnetic excitation mode is independent 
of magnetic field. The intensity of sharp peaks in ω/t ≈ 2.1 in imaginary part of longitudinal susceptibility, i.e. 
Imχzz(q0,ω) , decreases with magnetic field. However the height of sharp peaks in frequency position ω/t ≈ 0.45 
enhances with increase of spin-orbit coupling as shown in Fig. 4.

In Fig. 5, the imaginary part of longitudinal dynamical spin structure factor of Germanene layer has been 
plotted for different values of chemical potential, namely µ/t = 0.2, 0.3, 0.4, 0.5 , at fixed spin-orbit coupling 
�/t = 0.3 by setting kBT/t = 0.05 in the absence of magnetic field. This figure implies the frequency position 
and intensity of collective excitation mode in ω/t ≈ 1.5 has no dependence on chemical potential. Although 
the intensity of sharp peak in Imχzz(q0,ω) at frequency position ω/t ≈ 0.4 increases with chemical potential. 
There is no considerable change for frequency position in Imχzz(q0,ω) at ω/t ≈ 0.4 with chemical potential 
according to Fig. 5. Also the intensity of low energy magnetic excitation mode reduces with decreasing chemical 
potential value µ.

The behavior of longitudinal static spin structure factor szz(q0) of undoped Germanene layer in terms of 
normalized temperature kBT/t for different values of �/t has been presented in Fig. 6. The applied magnetic 
field is assumed to be zero. This function is a measure for the tendency to magnetic long range ordering for the 
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Figure 4.   The imaginary part of dynamical longitudinal spin susceptibility Imχzz(q0,ω) of undoped 
Germanene layer versus normalized frequency ω/t for different values of normalized magnetic field gµBB/t at 
fixed spin-orbit coupling �/t = 0.6 . The normalized temperature is considered to be kBT/t = 0.05.
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Figure 5.   The imaginary part of dynamical longitudinal spin susceptibility Imχzz(q0,ω) of doped Germanene 
layer versus normalized frequency ω/t for different values of normalized chemical potential µ/t at fixed spin-
orbit coupling �/t = 0.3 . The magnetic field is assumed to be zero. The normalized temperature is considered to 
be kBT/t = 0.05.
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longitudinal components of spins in the itinerant electrons. This figure implies static spin structure for spin com-
ponents perpendicular to the Germanene plane includes a peak for each value of �/t . The temperature position 
of peak in longitudinal spin static structure factor is the same for all spin-orbit coupling strengths. Although 
the height of peak increases with �/t which justifies the long range ordering for z components of spins improves 
with spin-orbit coupling. Another novel feature is the non zero value for static structure factor szz(q0) at zero 
temperature. However the increase of temperature up to peak position leads to raise magnetic long range order-
ing. Upon more increasing temperature above normalized value 0.25, the thermal fluctuations causes to reduce 
szz(q0) so that magnetic long range ordering of the electrons decays as shown in Fig. 6.

The temperature dependence of static longitudinal spin structure factor of doped Germanene layer for various 
chemical potential has been studied in Fig. 7 for gµBB/t = 0.0 by setting �/t = 0.4 . In contrast to the undoped 
case in Fig. 6, it is clearly observed the longitudinal spin structure factor for each value finite chemical potential 
gets zero value at zero temperature according to Fig. 7. In fact the quantum fluctuations at zero temperature for 
doped case leads to destroy any magnetic long range ordering. Moreover the peak in temperature dependence 
of szz(q0) tends to higher temperature upon increasing electron doping. Also the height of peak ,as a measure of 
magnetic long range ordering for longitudinal components of spins, reduces with chemical potential according to 
Fig. 7. Upon increasing temperature above normalized value 1.5, szz(q0) increases with µ/t and consequently the 
increase of electron doping improves the long range ordering in temperature region above normalized value 1.5.

The effect of longitudinal magnetic field on the behavior of szz(q0) in terms of normalized temperature kBT/t 
in undoped case for different values of magnetic field, namely gµBB/t = 0.3, 0.4, 0.5, 0.6, 0.7 has been plotted 
in Fig. 8. The static structure is considerably affected by magnetic field at low temperatures below normalized 
amount 0.5 where the quantum effects are more remarkable. In addition, at fixed values of temperatures above 
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Figure 6.   The longitudinal static spin structure factor szz(q0,T) of undoped Germanene layer versus 
normalized temperature kBT/t for different values of spin-orbit coupling strength �/t in the absence of 
magnetic field.
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Figure 7.   The longitudinal static spin structure factor szz(q0,T) of undoped Germanene layer versus 
normalized temperature kBT/t for different values of chemical potential µ/t in the absence of magnetic field. 
Spin-orbit coupling strength has been fixed at �/t = 0.4.
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normalized value 0.5, szz(q0) is independent of magnetic field and all curves fall on each other on the whole 
range of temperature in this temperature region. Also temperature position of peak in longitudinal static spin 
structure factor moves to lower temperature with increasing magnetic field according to Fig. 8. Moreover the 
height of peak enhances with magnetic field. It can be understood from the fact that applying magnetic field 
along z direction perpendicular to the plane causes long range ordering of z components of spins of electrons 
which increases the longitudinal static structure factor at low temperatures below 0.5.

We have also studied the dynamical and static transverse spin structure factors of Germanene layer in the 
presence of magnetic field and spin-orbit coupling. Our main results for imaginary part of dynamical transverse 
spin susceptibility of undoped Germanene layer for different spin-orbit coupling strengths at fixed temperature 
kBT/t = 0.05 in the absence of magnetic field are summarized in Fig. 9. The collective magnetic excitation modes 
for spin components parallel to the plane tends to higher values with �/t according to Fig. 9. This feature arises 
from the increase of band gap with spin-orbit coupling so that collective mode appears at higher frequencies as 
shown in Fig. 9. Also the height of peak in Imχ+−(q0,ω) , which is proportional to intensity of scattered neutron 
beam from itinerant electrons of Germanene structure, reduces with decreasing spin-orbit coupling strength.

In Fig. 10 we plot the numerical results of Imχ+−(q,ω) of undoped Germanene layer as a function of nor-
malized frequency ω/t for various magnetic field, namely gµBB/t = 0.0, 0.2, 0.4, 0.6 by setting kBT/t = 0.05 . 
It is clearly observed that the frequency position of collective magnetic excitation mode moves to lower values 
with magnetic field. It can be understood from the fact that the applying magnetic field gives rise to reduce 
the band gap and consequently the excitation mode takes place at lower frequencies. Moreover the intensity of 
collective excitation mode for transverse components of spins is clearly independent of magnetic field strength 
according to Fig. 10.

Figure 11 presents the effect of electron doping on the frequency dependence of Imχ+−(q0,ω) of Germanene 
layer by setting �/t = 0.3 at fixed value of temperature in the absence of magnetic field. There are two collective 
magnetic excitation mode for each value chemical potential. The frequency positions of excitation mode are the 
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Figure 8.   The longitudinal static spin structure factor szz(q0,T) of undoped Germanene layer versus 
normalized temperature kBT/t for different values of magnetic field gµBB/t at fixed spin-orbit coupling 
strength �/t = 0.4.

0 1 2 3 4 5
0

1

2

3

4

0.3
0.4
0.5
0.6

λ/ t

Imχ  (   ,ω)q
0+-

ω/t

Figure 9.   The imaginary part of dynamical transverse spin susceptibility Imχ+−(q0,ω) of undoped 
Germanene layer versus normalized frequency ω/t for different values of normalized spin-orbit coupling �/t at 
fixed temperature kBT/t = 0.05 . The magnetic field is considered to be zero.
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same for all values of chemical potential. The intensity of low frequency peak increases with chemical potential 
however the intensity of high frequency peak reduces with electron doping as shown in Fig. 11. The increase of 
electron doping leads to decrease transition rate of electron from valence band to conduction one and conse-
quently the intensity of excitation mode decreases.

The behavior of transverse static spin structure factor s+−(q0) of undoped Germanene layer as a function 
of normalized temperature kBT/t for different values of �/t in the absence of magnetic field has been presented 
in Fig. 12. This function is a measure for the tendency to magnetic long range ordering for the transverse com-
ponents of spins in the itinerant electrons. A peak in s+−(q0) is clearly observed for each value of �/t . The peak 
is located at 0.25 for all values of spin-orbit coupling strengths. Although the height of peak increases with �/t 
which justifies the long range ordering for transverse components of spins improves with spin-orbit coupling. 
Another novel feature is the non zero value for static structure factor s+−(q0) at zero temperature. In tempera-
ture region below peak position, the increase of temperature leads to raise magnetic long range ordering. Upon 
more increasing temperature above normalized value 0.25, the thermal fluctuations causes to reduce szz(q0) and 
magnetic long range ordering of the electrons as shown in fig.(12).

The temperature dependence of static transverse spin structure factor of doped Germanene layer for various 
chemical potential in the absence of magnetic field has been studied in Fig. 13 by setting �/t = 0.3 . In contrast 
to the undoped case in Fig. 12, it is clearly observed the transverse spin structure factor for each value finite 
chemical potential gets zero value at zero temperature according to Fig. 13. In fact the quantum fluctuations at 
zero temperature for doped case leads to destroy any magnetic long range ordering. Moreover the temperature 
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Figure 10.   The imaginary part of dynamical transverse spin susceptibility Imχ+−(q0,ω) of undoped 
Germanene layer versus normalized frequency ω/t for different values of normalized magnetic field gµBB/t at 
fixed spin-orbit coupling �/t = 0.6 . The normalized temperature is considered to be kBT/t = 0.05.
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be kBT/t = 0.05.



13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7651  | https://doi.org/10.1038/s41598-021-87268-x

www.nature.com/scientificreports/

position of peak in s+−(q0) appears in kBT/t = 0.5 for all amounts of chemical potential. Also the height of 
peak ,as a measure of magnetic long range ordering for transverse components of spins, reduces with chemical 
potential according to Fig. 13. In other words the increase of electron doping leads to decrease magnetic long 
range ordering for transverse components of spins.

The effect of longitudinal magnetic field on the behavior of s+−(q0) in terms of normalized temperature 
kBT/t in undoped case for different values of magnetic field, namely gµBB/t = 0.4, 0.45, 0.5, 0.55, 0.6 has been 
plotted in Fig. 14. The static transverse spin structure factor is considerably affected by magnetic field at low 
temperatures below normalized amount 0.25 where the quantum effects are more remarkable. In addition, at fixed 
values of temperatures above normalized value 0.25, s+−(q0) is independent of magnetic field and all curves fall 
on each other on the whole range of temperature in this temperature region. Also temperature position of peak 
in longitudinal static spin structure factor moves to lower temperature with increasing magnetic field. Moreover 
the height of peak enhances with magnetic field. It can be understood from the fact that applying magnetic field 
along z direction perpendicular to the plane causes long range ordering of components of spins parallel to the 
plane of electrons which increases the longitudinal static structure factor at low temperatures below 0.25.
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Figure 12.   The transverse static spin structure factor s+−(q0,T) of undoped Germanene layer versus 
normalized temperature kBT/t for different values of spin-orbit coupling strength �/t in the absence of 
magnetic field.
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temperature kBT/t for different values of chemical potentialµ/t in the absence of magnetic field with spin-orbit 
coupling �/t = 0.3.



14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7651  | https://doi.org/10.1038/s41598-021-87268-x

www.nature.com/scientificreports/

Received: 1 January 2021; Accepted: 26 March 2021

References
	 1.	 Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666 (2004).
	 2.	 Wang, X.-L., Dou, X. S. & Zhang, C. Zero gap materials for future spintronics. NPG Asia Mater. 2, 31 (2010).
	 3.	 Xu, Y. et al. An abinitiostudy of energy-band modulation in Graphene-based two dimensional layered superlattices. J. Mater. Chem 

22, 23821 (2012).
	 4.	 Chang, K. & Chen, W. X. In situ synthesis of MoS2/Graphene nanosheet composites with extraordinarily high electrochemical 

performance for lithium ion batteries. Chem. Commun. 47, 4252 (2011).
	 5.	 Chang, K. & Chen, W. X. I-Cysteine-Assisted synthersis of Layered MoS2 / Graphene composites with excellent electrochemical 

performance for lithium ion batteries. Acs Nano 5, 4720 (2011).
	 6.	 Dean, C. R. et al. boron nitride substrates for high-quality graphene electronics. Nat. Nanotechnol. 5, 722 (2010).
	 7.	 Novoselov, K. S. et al. Two dimensional atomic crystals. Proc. Natl. Acad. Sci. USA 102, 10541 (2005).
	 8.	 Bertolazzi, S., Krasnozhon, D. & Kis, A. Nonvolatile memory cells based on Mos2/graphene heterostructures. Acs Nano 7, 3246 

(2013).
	 9.	 Cahangirov, S., Topsakal, M., Akturk, E., Sahin, H. & Ciraci, S. Two-and one-dimensional honeycomb structures of silicon and 

Germanene. Phys. Rev. Lett 102, 236804 (2009).
	10.	 Liu, C. C., Feng, W. & Yao, Y. Quantum spin hall effect in Silicene and two-dimensional Germanium. Phys. Rev. Lett. 107, 076802 

(2011).
	11.	 Padilha, J. E. & Pontes, R. B. Free-standding bilayer silicene: The effect of stacking order on structural, electronic, and transport 

properties. J. Chem. C 119, 3818 (2015).
	12.	 Chowdhury, S. & Jana, D. A theoretical review on electonic, magnetic and optical properties of silicene. Rep. Prog. Phys. 79, 126501 

(2016).
	13.	 Kaloni, T. P. Tuning the structural, electronic, and magnetic properties of Germanene by the adsorption of 3d transition metal 

atoms. J. Phys. Chem. C 118, 25200 (2014).
	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.	 Ye, X.-S. et al. Intrinsic carrier mobility of Germanene is larger than Graphene’s: first principle calculations. RSC Adv. 4, 21216 

(2016).
	16.	 Monshi, M. M., Aghaei, S. M. & Calizo, I. DFT study of adsorption behavior NO Co, NO2 and NH3 molecules on Graphene like 

BC3: A search for highly sensitive molecular sensor. Surf. Sci. 665, 96 (2017).
	17.	 Sun, M. Magnetism in transition-metal-doped Germanene: a first principles study. Comput. Mater. Sci. 118, 112 (2016).
	18.	 Li, X., Wu, S., Zhou, S. & Zhu, Z. Structural and electronic properties of Germanene/MoS2 monolayer and silicene/MoS2 monolayer 

superlattices. Nanoscale Res. Lett. 9, 110 (2014).
	19.	 Qiao, Z. et al. Quantum anomalous Hall effect in Graphene from Rashba and exchange effects. Phys. Rev. B 82(R), 161414 (2010).
	20.	 Tse, W.-K. et al. Quantum anomalous hall effect in single-layer and bilayer Graphene. Phys. Rev. B 83, 155447 (2011).
	21.	 Kane, C. L. & Mele, E. J. Z2 Topological order and the quantum spin hall effect. Phys. Rev. Lett 95, 146802 (2005).
	22.	 Haldane, F. D. M. Model for a quantum hall effect without landau levels: condensed matter realization of the parity anomaly. Phys. 

Rev. Lett 61, 2015–2018 (1988).
	23.	 Min, H. et al. Intrinsic and rashba spin-orbit interactions in Graphene sheets. Phys. Rev. B 74, 165310 (2006).
	24.	 Yao, Y., Ye, F., Qi, X.-L., Zhang, S.-C. & Fang, Z. Spin orbit gap of Graphene: First principles calculations. Phys. Rev. B 75, 041401 

(2007).
	25.	 Hwang, E. H. & Das Sarma, S. Graphene magnetoresistance in a parallel magnetic field spin polarization effect. Phys. Rev. B 80, 

075417 (2009).
	26.	 Mani, R. G. et al. Zero-resistance states induced by electromagnetic-wave excitation in GaAs/AlGaAs. Nature (London) 420, 646 

(2002).
	27.	 Hwang, E. H. & Das Sarma, S. Dielectric function, screening, and plasmons in two-dimensional graphene. Phys. Rev. B 75, 205418 

(2007).
	28.	 Wunsch, B. et al. Dynamical polarization of graphene at finite doping. New J. Phys. 8, 318 (2006).
	29.	 Liu, Y., Willis, R. F., Emtsev, K. V. & Seyller, T. Plasmon dispersion and damping in electrically isolated two-dimensional charge 

sheets. Phys. Rev. B 78, 201403 (2008).

0 0.5 1 1.5 2 2.5 3
0

1

2

3

4

5

0.4
0.45
0.5
0.55
0.6

s  (q )+-

T/tk
B

gµ
B
B/t

Figure 14.   The transverse static spin structure factor s+−(q0,T) of undoped Germanene layer versus 
normalized temperature kBT/t for different values of magnetic field gµBB/t . Spin-orbit coupling strength has 
been fixed at �/t = 0.4.



15

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7651  | https://doi.org/10.1038/s41598-021-87268-x

www.nature.com/scientificreports/

	30.	 Doniach, S. & Sondheimer, E. H. Green’s Functions for Solid State Physicists (Imperial College Press, London, 1999).
	31.	 Stauber, T., Schliemann, J. & Peres, N. M. Dynamical current-current correlation of the hexagonal lattice and graphene. Phys. Rev. 

B 81, 155412 (2010).
	32.	 Inglot, M., Dugaev, V. K., Ya Sherman, E. & Barnas, J. Enhanced photogalvanic effect in graphene due to Rashba spin-orbit coupling. 

Phys. Rev. B 91, 195428 (2015).
	33.	 Inglot, M., Dugaev, V. K., Ya Sherman, E. & Barnas, J. Optical spin injection in graphene with Rashba spin-orbit interaction. Phys. 

Rev. B 89, 155411 (2014).
	34.	 Mahan, G. D. Many Particle Physics (Plenumn Press, New York, 1993).

Author contributions
H.R. and F.A. wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.R.

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://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Spin structure factors of doped monolayer Germanene in the presence of spin-orbit coupling
	Model Hamiltonian and formalism
	Dynamical and static spin structure factors
	Numerical results and discussions
	References


