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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 fabrication'. 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 vr. 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 sensors?.

Recently, the hybrid systems consisting of Graphene and various two-dimensional materials have been studied
extensively both experimentally and theoretically*~. Also, 2D materials could be used for a extensive applications
in nanotechnology®” and memory technology®. 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 v and 77* bands are also linear at the Fermi level’. 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 monolayer®!°. Such small buckling as vertical distance between
two planes of atoms for Germanene comes from the mixing of sp? and sp> hybridization'"'2. 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 fermions'®'?. Also the band gap due to the spin
orbit coupling in Germanene is more remarkable rather than that in Graphene'*. The intrinsic carrier mobility
of Germanene is higher than Graphene'®. 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 that'¢7.
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
correction'®. 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 effect'*?°. 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 Mele*! 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 Haldane?”. Such microscopic model was originally proposed to describe the quantum spin Hall effect
in Graphene?'. Subsequent band structure calculations showed, however, that the spin orbit gap in Graphene
is so small?*** 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 magnetic*®. Moreover,
microwave magneto transport in doped Graphene is an open problem?.

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 theoretically?”-* and
experimentally”. 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 solid*. 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 d?c/dQ2dw corresponds to imaginary part of spin susceptibilities. » 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 d?c/dQ2dw. 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 both®'. The
results of this study shows there is no remarkable angle dependence for imaginary part of polarizability around
the van Hove singularity, i.e, hw/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 recently****. 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 a; and a,. In the presence of longitudinal magnetic field, the Kane-Mele model*! (H)
for Germanene structure includes the tight binding model (H8), the intrinsic spin-orbit coupling (H9C) and
the Zeeman term (H%¢"") due to the coupling of spin degrees of freedom of electrons with external longitu-
dinal magnetic field B

H =HTB + HISOC + HZeeman_ (1)

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
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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. a; and a; are the primitive
vectors of unit cell.
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Here af (b7 ) is an annihilation operator of electron with spin o on sublattice A(B) in unit cell index i. The opera-
tors fulfill the fermionic standard anti commutation relations {ay, a}’ = 8ii8sg. As usual t,t',t” denote the
nearest neighbor, next nearest neighbor and next next nearest neighbor hopping integral amplitudes, respectively.
The parameter A introduces the spin-orbit coupling strength. Also B refers to strength of applied magnetic field.
gand u B introduce the gyromagnetic and Bohr magneton constants, respectively. o % is the third Pauli matrix,
and v-‘;(b = +1as discussed below. Based on Fig. 2, aj and a; are the primitive vectors of unit cell and the length
of them is assumed to be unit. The symbol A = 0, Ay, A, implies the indexes of lattice vectors connecting the
unit cells including nearest neighbor lattice sites. The translational vectors A1, A, connecting neighbor unit
cells are given by

3 1 3 1
M=l a2

> Iy 3)
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Alsoindex A’ = A1, Ay, —Aq, —A,, j» —j implies the characters of lattice vectors connecting the unit cells includ-
ing next nearest neighbor lattice sites. Moreover index A” = +/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
term?! of the KM Hamiltonian in Eq. (2). The expression vj“l- gives +1 depending on the orientation of the sites.

4 5 e
A standard definition for v in each sublattice = A, Bisvjj = (W) .¢; = £1where d} and df are the two
] 1

unit vectors along the nearest neighbor bonds connecting site i to its next-nearest neighbor j. Moreover e, implies
the unit vector perpendicular to the plane. Because of two sublattice atoms, the band wave function ¥ (k, r) can
be expanded in terms of Bloch functions ®J (k, r). The index « 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

Y ) = Y Co()®] k1), @
a=A,B
where C7, (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
1 )
o _ ikRi yo/. 1.
¥ or) = o §R M Rig? (r — Ry), 5)

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

@7 (k1) = > DI, Ky k1), ©)

where D7, (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 ¢ of Germanene described by model Hamiltonian in Eq. (2)
are obtained by using the matrix form of Schrodinger as follows

H (K)C7 (k) =E;; ()87 (K)C” (k),
(k) = ( HZ, (k) Hip (k) ) e = ( Cra (k) ) )

Hg, (k) Hgg(k) Copk) (7)
Sqak) SGpk)
o (k) =( SAA AB )
S ( $7, (k) S%y(k) )
Using the Bloch wave functions, i.e. &4 (k), the matrix elements of  and S are given by
HZg(k) = (05 (0 [H[DGK) , Sg5(k) = (D )]G (k). ®)

The matrix elements of Hyz and Sz 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”, spin orbit cou-
pling /4 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 o, i.e. H] 3, Hg 4, 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

Hjp(k) =t(1 + A 4 eik'AZ) +t” (2 cos(ky) + e_i\/gkx)
=t<l +2 cos(ky/Z)e_i‘/gkx“) +t" (2 cos(ky) + e—iﬁk;:))

HS, (k) =2t/ <cos (ﬁkx 24k, /2) + cos («/ikx 24k, /2) + cos(k, /2))

N (V3,1 (V3,1
— 21 (sm (Eky) — sin <2kx + 2ky> — sin <2kx — zky)> — u—oguB, )

Hipk) = — 2t (cos (\/§kx/2 + k),/Z) + cos (ﬁkx/z + ky/2> + cos(ky/2)>

+ 24 (sin (%ky> — sin <\ka + ;ky> — sin (ka — ;ky>> —pn—ogugB,
Hga (k) =H}5(k).

Based on matrix elements HJ 4 (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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H =" [HIu00a7"af + Hap®ay b + Hpa (b af + Heg 0667 ] (10)
k,o

so that the operator ay (b} ) annihilates an electron at wave vector k with spin index o on sublattice A(B) and
has the following relation as

af = jﬁgeik,Ria? b= jﬁ?eikkib?. )
The matrix elements of S(k), i.e. Saa (k) , Sap(k), Sga (k) and Spp (k) are expressed as
Sap(k) :s(l + e®A 4 eik'Az) +5" (2 cos(ky) + e—fﬁkx)
:s(l + 2cos(ky/2)efi\/§kx/2) +4 (2 cos(ky) + e—iﬁkx>

(12)
Saa(k) =1 + 25’ ( cos («/§kx 2+ K /2) + cos (\/Ekx 2+ Ky /z) + cos(k, /2))

Sea(k) =Saa(k) , Spa(k) = Sipk),

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"as!®t = —1.163,¢ = —0.055,t” = —0.0836,s = 0.01207,s" = 0.0128,s” = 0.048. Using the Hamiltonian
and overlap matrix forms in Egs. (9, 12), the band structure of electrons, i.e. Ej (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

Yek,r) \ _ oA (k) Cp(k) o4 (k, 1) 13

o ) =\ €80 o )\ ofdn) ) (13)
In a similar way, we can express the matrix from for Eq. (6)

oG k,1)\ _ (D (k) Dy, (k) ¥ (k1)

o k,r) ) — \ Di.(k) ng & J\ vy k1) )’

D5 (k) D%, _ (Cok) CHk) ™"
D5, (k) Dg, (k) A(k) Coh(k)

(14)

The final results for band structure and expansion coeflicients, i.e. C3, and DJ,,, are lengthy and are not given
here. The valence and condition bands of electrons have been presented by ES (k) and E? (k) respectively. In the
second quantization representation, we can rewrite the Eq. (14) as

agt D% (k) D%, @)\ ( <% as)
wt Dg (k) Dg,(k) V’ ’
Using band energy spectrum, the Hamiltonian in Eq. (2) can be rewritten by
o T o
H= Z E; (k)CZquk: (16)
k,o,n=c,v

where ¢7 | defines the creation operator of electron with spin o in band index , 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 o =1, |. According to the model Hamiltonian introduced in Eq. (2), the elements of
spin resolved Matsubara Green’s function are introduced as the following forms

Galk,T) = — (T (ako (T)ay ,(0) » Gap(k,T) = —(T (axq (1)bf , (0)), )
GRale,T) = — (T (big (T)af , (0)) , GFp(k, 7) = —(T (bio ()b] , (0))).

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

Gy (K, iwp) = l/kBTd fomT GO (k =A,B
ap & iwm) = ; Te & T) , o, f=AB, (18)

where w,, = (2m + 1)wkgT 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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oo Dg;:(k)Df, (k)
Gy (K, iom) = o — B2 () Eg”(k) (19)

n=c,v

where «, B refer to the each atomic basis of honeycomb lattice and E? (k) is the band structure of Germanene
layer in the presence of magnetic field and spin-orbit coupling. For determining the chemical potential, i, we
use the relation between concentration of electrons (#.) and chemical potential. This relation is given by

1
e =N Z ETO/RT |y (20)

k..o

In fact the diagonal matrix elements of the Hamiltonian in Eq. (9) depends on chemical potential j1. Thus eigen-
values, i.e. E" (k) includes the factor w. Therefore the right hand of Eq. (20) depends on chemical potential .
With an initial guess for chemical potential i, we can solve the algebraic eq. (20) so that we can find the chemi-
cal potential value for each amount for electronic concentration #,. These statements have been added to the
manuscript after Eq. (20). Based on the values of electronic concentration #,, the chemical potential, i, 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 d>c/dQdw is proportional to imaginary part of spin suscep-
tibilities. @ denotes the energy loss of neutron beam which is defined as the difference between incident and
scattered neutron energies. The solid angle €2 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 €2 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 d?c/d2dw determines the spin excitation spectrum
of the magnetic system™®. 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 x4 as transverse spin susceptibility and its relation is given by

+o00 )
X+—(q,w) =i / dte’ ([ST(q,1), S (—q,0)])

—00
1/(kpT) )
= lim / dre’ (TSt (q,7)S™(—q,0))
iQ,—w+i0t Jo
=x1-(q, iRy — o +i0),
in which ©, = 2nwkgT is the bosonic Matsubara frequency and 7 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*(7)), in terms of fermionic operators
is given by

ST(q) 22 < U v bkﬂbi) , ST (@ = Z (af(iqalt k+qu> (22)
. k

Substituting the operator form of ST and S~ into definition of transverse spin susceptibility in Eq. (21), we arrive
the following expression for transverse dynamical spin susceptibility (x+—(q, i€2,))

. YhaT)
X+—-(q,i82) :/o dre'r N2 %{; < (“k+q(f)ak(f) + bk+q(f)bi(1’)> )

x (ak+q(0)ak 0) + bk+q(0)bl1(0)> >

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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ksT
pa (q,an)_—B— SN Gl iwm)Gg(k + 9,190 + iom). (24)
k af m

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 w,, 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 equation® as

) (25)

o i +0 de —2ImGZ4 (k, iwy —> € + i0™)
(xﬁ( iwm) .
S 2 iwy — €
where G, (k iwm —> € +i0™") denotes the retarded Green’s function matrix element. By replacing Lehman
representatlon for Matsubara Green’s function matrix elements into Eq. (24) and taking summation over fermi-

onic Matsubara frequency w,,, we obtain dynamical transverse spin susceptibility of electrons on Germanene
structure as following form

. 1 o0 +00 dédé/ 0 TS ! , TS
X+_(q,z§2n)=—ﬁzz - ImGp, (k, € +i07)ImG 4 (k + g, €’ +i07)

, (26)
ng(€) — np(e)
iQ,+e—¢€
where ng(x) = m implies well known Fermi-Dirac distortion function. The Fourier transformation of
longitudinal component of the spin, i.e. $?(q), is given in terms of fermionic operators as

@ =Y o (f%qef + b5 (27)
k,o

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

oo
XZZ (q’ LL)) :l / dtelwt ([SZ (Q» t)) SZ(_q> O)])

—00

1/(kpT) .
Jim / dre ™ (T§(q, )5 (—q, 0))

iQ,—>w+i0t Jo

X2z(q, i —> @ +i0T).

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

+00  p400 d€d6 + , -
xzz(q,an)_——ZZ —5-ImG%, (k, € + i0)ImGgy(k + q,€’ + i0F)
k a,p.0

np(e) — np(e)
iQ,+e€—¢€

(29)

>

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

X2z (@) = Xz2(q,1Q — @ +i0T) , x4—(q®) = x4-(: 1R — » +i07). (30)

so that x; and x_ 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. Imy 4 (q, ®), ImY .z (q, @),
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

* de
Imy+—(q, ) = Z Z/ —ImGﬂa (k,e + 10+)ImG¢ﬂ (k+q,e+w+i0h)
k op

X (np(e) —np(e + w)),
(31)
Imy ., (q,w) = Z Z / —ImG" (k,e + i0+)ImGgﬁ (k+q, e +w+i0h)
k op0

X (np(e) — np(e + a))).
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Figure 3. The imaginary part of dynamical longitudinal spin susceptibility Imy ., (qo, @) of undoped
Germanene layer versus normalized frequency w/t for different values of normalized spin-orbit coupling 4/t at
fixed temperature kg T/t = 0.05. The magnetic field is considered to be zero.

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 (s4.—(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

1 o =21 _(q,iwy, o+
si-(@) = (ST(QS™(—q)) :kBTZE/ dop 20X+ (q iw, — w+i0")

iwy, — w
(32)
+oo np (a)) . -+
= dw Imy 4+—(q, iwy, — o +i07).
oo T
Moreover can find the static longitudinal spin structure factor, i.e. s;—(q), by using Imx 2, (q, w) as
1 o —2ImY ,,(q, iw, — w + i0T)
@) (S @S @) =k TY 5 [ o
T J_oo iy —
! (33)

+o00
:/ da)MImxn(q, iw, — w+i07).
b4

—00

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, 47”) 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 Egs. (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 = 1is 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, Imyz;(qo, ), of undoped Germanene layer for different values of spin-orbit coupling, namely
A/t = 0.08,0.12,0.16,0.2, in the absence of magnetic field by setting kT /t = 0.05. In fact the effects of spin-
orbit coupling strength on frequency dependence of Imy,(q, w) have been studied in this figure. As shown in
Fig. 3, the frequency positions of sharp peaks in I, (qo, ), 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
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Figure 4. The imaginary part of dynamical longitudinal spin susceptibility Imy ;; (qo, @) of undoped
Germanene layer versus normalized frequency w/t for different values of normalized magnetic field guupB/t at
fixed spin-orbit coupling 4/t = 0.6. The normalized temperature is considered to be kg T/t = 0.05.
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Figure 5. The imaginary part of dynamical longitudinal spin susceptibility Imy ., (qo, @) of doped Germanene
layer versus normalized frequency w/t for different values of normalized chemical potential 14/t at fixed spin-
orbit coupling A/t = 0.3. The magnetic field is assumed to be zero. The normalized temperature is considered to
be kgT/t = 0.05.

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 gtpB/t has been shown
in Fig. 4 at fixed 1/t = 0.6 by setting kg T/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 w/t ~ 0.45and w/t ~ 2.1. The frequency positions of magnetic excitation mode is independent
of magnetic field. The intensity of sharp peaks in w/t ~ 2.11in imaginary part of longitudinal susceptibility, i.e.
Im ., (qo, w), decreases with magnetic field. However the height of sharp peaks in frequency position w/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 u/t = 0.2,0.3,0.4, 0.5, at fixed spin-orbit coupling
A/t = 0.3 by setting kg T/t = 0.05 in the absence of magnetic field. This figure implies the frequency position
and intensity of collective excitation mode in w/t = 1.5 has no dependence on chemical potential. Although
the intensity of sharp peak in Im . (qo, ®) at frequency position w/t & 0.4 increases with chemical potential.
There is no considerable change for frequency position in Imx,;(qo, w) at w/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 p.

The behavior of longitudinal static spin structure factor s;;(qo) of undoped Germanene layer in terms of
normalized temperature kgT /¢ for different values of A/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 6. The longitudinal static spin structure factor s;;(qo, T) of undoped Germanene layer versus
normalized temperature kg T/t for different values of spin-orbit coupling strength 4/t in the absence of
magnetic field.
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Figure 7. The longitudinal static spin structure factor s, (qo, T)of undoped Germanene layer versus
normalized temperature kg T/t for different values of chemical potential 1/t in the absence of magnetic field.
Spin-orbit coupling strength has been fixed at 1/t = 0.4.

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 4/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 4/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 s, (qo) 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
s2z(qo) 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 gupB/t = 0.0 by setting 1/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 s2z(qo) 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, s,;(qo) increases with ¢/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 s,;(qg) in terms of normalized temperature kg T/t
in undoped case for different values of magnetic field, namely gugB/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 8. The longitudinal static spin structure factor s, (qo, T') of undoped Germanene layer versus
normalized temperature kg T/t for different values of magnetic field guupB/t at fixed spin-orbit coupling
strength 4/t = 0.4.
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Figure 9. The imaginary part of dynamical transverse spin susceptibility Imy +— (qo, w) of undoped
Germanene layer versus normalized frequency w/t for different values of normalized spin-orbit coupling 4/t at
fixed temperature kg T/t = 0.05. The magnetic field is considered to be zero.

normalized value 0.5, s;;(qo) 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
kpT/t = 0.05in 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 4/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 Imy 4 (qo, w), 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 Imy +—_(q, ®) of undoped Germanene layer as a function of nor-
malized frequency w/t for various magnetic field, namely gupB/t = 0.0,0.2, 0.4, 0.6 by setting kT /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 Imy 4 (qo, @) of Germanene
layer by setting 4/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 10. The imaginary part of dynamical transverse spin susceptibility Imy —_ (qo, @) of undoped
Germanene layer versus normalized frequency w/t for different values of normalized magnetic field gupB/t at
fixed spin-orbit coupling 4/t = 0.6. The normalized temperature is considered to be kg T/t = 0.05.
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Figure 11. The imaginary part of dynamical transverse spin susceptibility Imy +—_ (qo, @) of doped Germanene
layer versus normalized frequency w/t for different values of normalized chemical potential 4/t at fixed spin-
orbit coupling 4/t = 0.3. The magnetic field is assumed to be zero. The normalized temperature is considered to
be kgT/t = 0.05.

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;_(qo) of undoped Germanene layer as a function
of normalized temperature kg T/t for different values of A/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 _(qp) is clearly observed for each value of 1/¢. The peak
is located at 0.25 for all values of spin-orbit coupling strengths. Although the height of peak increases with 4/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 sy _(qo) 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 s, (qo) 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 2/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 12. The transverse static spin structure factor s;_(qo, T') of undoped Germanene layer versus
normalized temperature kpT /¢ for different values of spin-orbit coupling strength 4/t in the absence of

magnetic field.
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Figure 13. The transverse static spin structure factor s;_(qp, T) of doped Germanene layer versus normalized
temperature kg T/t for different values of chemical potentialit/# in the absence of magnetic field with spin-orbit

coupling A/t = 0.3.

position of peak in s _(qp) appears in kgT/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 _(qp) in terms of normalized temperature
kpT/t in undoped case for different values of magnetic field, namely gugB/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, s1_ (qp) 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 14. The transverse static spin structure factor s;_(qo, T)of undoped Germanene layer versus
normalized temperature kg T /¢ for different values of magnetic field gupB/t. Spin-orbit coupling strength has
been fixed at 1/t = 0.4.
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