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The frequency dependent neutron scattering spectra of
FM-ordered graphene: A tight-binding study
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Abstract. We report here a microscopic tight-binding study of frequency dependent
neutron scattering spectra forferromagneticordering in the graphene systems. The tight-
binding Hamiltonian consists of electron hopping up to third -nearest- neighbors,
substrate and impurity effects in presence of Coulomb interaction of electrons separately
at two inequivalent A and B sublattices of graphene. We calculate the two particle
electron Green’s functions by using Zubarev’s Green’s function technique. The frequency
dependent scattering intensity of the system is computed numerically. Thespectra displays
a sharp peak at the neutron momentum transfer energy at low energies and another higher
energy peak appearing at substrate induced gap.
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1. Introduction

Graphene is a truly two dimensional zero band gap honey-comb lattice with
one electron per orbital. Graphene as a possible new magnetic material has
stimulated renewed research interest for application in spintronic devices [1]. The
pristine graphene does not contain magnetism due to equivalence of the two
sublattices of carbon atoms. Many theoretical works [2, 3, 4, 5] have predicted
defected induced magnetism in graphene by simulating in-equivalence in two
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sublattices of carbon atoms. Further the impurity effect, substrate induced gaps,
defects and Coulomb correlation effect are expected to generate magnetism in
graphene. The origin of magnetism in graphene is unclear till yet. The imbalance
of electronic states in sublattice atoms due to substrate effect gives rise to
electron-electron interaction leading to spin polarization [6]. It is to note that the
spins on the same sublattices are found to exhibit ferromagnetic order and the
spins of different sublattices are found to be exhibit antiferromagnetic order. We
assume here that the graphene-on-substrate creates in equivalence in A and B
sublattices leading to magnetism in graphene. We introduce Coulomb interaction
in both the sublattices in the form of Hubbard model [7, 8]. We calculate the
dynamic ferromagnetic spin susceptibility by using Zubarev’s technique of two
particle Green’s function. The imaginary part of the ferromagnetic susceptibility
describes the neutron scattering intensity for different temperature and frequency.

2. Formalism and calculation of susceptibility

Based upon our earlier reports [7, 8], the tight-binding model Hamiltonian
for monolayer graphene is written below taking into account electron hopping
upto third-nearest neighbors.

Hy = Yko(ea a}:'aak'a + &b ;Jb ko) 1)
Hy = Sk V (Xa @ oo + Xpb | ob ko) )
Hy = Yiea B (af 5o = b} 5Dio) 3)
Hy=—Yp13 X0 tp(vp(k) alt,abk,a +yp (k)b l,aa ko) (4)
Hs = ~t, Zio (2 (0) @ gio + 73 () b | gb ko) )

Here H, represents the on-site hopping of electrons with site energies €, and €,at
A and B sites respectively. The Hamiltonian H, represents the external doping
effect with doping concentrations x, and x;, respectively at A and B sub- lattices
with same impurity potential. The Hamiltonian H; represents the substrate
effect on graphene which raises the A site energy by A and lowers the B site
energy by A, there by introducing a substrate induced gap 2A. The Hamiltonian
H,represents the electron hopping between nearest-neighbors and the third-
nearest- neighbors represented by g =1 and 3 and the corresponding electron
dispersions are €;(k) = —t;y1(k) and e3(k) = —t3y5(k) respectively. The
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Hamiltonian He represents the electron hopping among the second- nearest -
neighbors with dispersion energye, (k) = —t,y,(k) . Here tgand yg(k) with
B = 1,3 represent the hopping integrals and band dispersions respectively up to
third- nearest- neighbor. The Hubbard type Coulomb interaction is introduced as
Hy, =Y iniyn{, , where a = A and B sites. The Coulomb interaction is treated
here within Hartree -Fock approximation, where the mean occupancies < n%, >
of electron at A and B sites for up and down spins are computed numerically and
self -consistently. This Hamiltonian introduces ferromagnetism in graphene
system.

3. Calculation of Green’s functions
The longitudinal ferromagnetic susceptibility y“*(q, w) is written as

x7(q, w) = K m?(q,t);m*(—q,0) >, (6)

where the z component of magnetization due to A and B site electrons is written
as

m? = my(q,t) + mg(q, t)which is given by

_ T T .
@) = 3 (@i 0L aag ) 0.0
k

= > bt = b rqibid)
k

The susceptibility defined in equation (6) is rewritten in terms of two particle
Green’s functions as

Zzz(q’a))zz Z oo+ 1+ 2+ X4l (7

ko k'.q'o'

where (o) is +1(-1) corresponding to up (down) spin orientation of the
electrons and the two particle Green’s Functions are written as yx, =

1 aq; Bl >>w, XZ =K az;ﬁl >>w, X3 =K al;ﬁZ >>w, X4_ =K 0(2;/32 >>0.)’

— 4F — T N | —
where @y = QK0 A2 = byygbio B = ak'_q',a'ak’,a’a”d By =
b;_qrarbkf,af . The above two particle Green’s functions % (j =1 to 4) are

calculated by using Zubarev’s technique[9]. During the calculation for each
Green’s function, we solve the four coupled Green’s function equations. Finally
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the temperature dependent susceptibility is calculated in terms of the Fermi-Dirac
distribution functions. The neutron scattering intensity is directly proportional to
the imaginary part of the ferromagnetic susceptibility. The scattering intensity is
computed numerically taking 100 x 100 grid point in momentum space during
integration.  The  neutron  scattering  intensity is  written  as
I = =2nYsIm{ x*(q,w)}.The physical parameters involved in the

calculation are made dimensionless with respect to nearest neighbor hopping

integral (¢t;). The parameters aret; = —1, &, = Z—Z , s =§—3 , impurity potential
1 1

v BT

v=o, Coulomb potential u=t3 , temperature ¢ =T
1

o applied external
1

frequency ¢; = tﬁ and substrate induced gap d; = tﬁ.
1 1

4. Results and Discussion

The asymmetry at A and B sub lattice atoms is further enhanced by
introducing the external impurity and substrate effects in the system. The
Coulomb interaction among electrons generates ferromagnetism in graphene
system. We calculate and compute numerically and self-consistently the electron
occupancies nZand n2 respectively of A and B sites for up and down spin
orientations. The frequency dependent longitudinal susceptibility is computed for
different values of temperature, substrate induced gap, impurity concentration,
Coulomb interaction and different hopping parameters. The results are discussed
for the figures 1 to 2.

The figure 1 describes the plot of neutron scattering intensity versus energy
(c1) for different values of neutron momentum transfer energyq, = q, . We
observe a low energy sharp peak (p,) arising due to neutron momentum transfer
energy and another flat peak (p,) associated with the substrate induced gap
energy. With increase of q,, the peak p; shifts to higher energy with
enhancement of spectral height and this peak shifts to lower energy with
decrease of g, an ultimately the peak appears at g,, = 0. On the other hand, with
increase of neutron momentum transfer energy, the peak (p2) height is enhanced
and its position is slightly displaced to lower energies indicating that the substrate
induced gap is slightly suppressed withg,. It is to note further that the neutron
scattering intensity is enhanced throughout the energy range upto the substrate
induced gap and then intensity remains constant beyond this gap energy. The
enhancement of intensity with ¢, indicates that the magnitude of the
ferromagnetic ordering is enhanced within the energy range.
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Fig. 1. The plot of intensity (FM) vs. energy (cl) for different values of neutron
momentum transfer energy q on substrate Induced gap d1 = 0.04 for Coulomb potential u
= 2.2, damping factor el = 0.001 at temperature t = 0.025 shown in above figure
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Fig. 2. The plot of intensity (FM) vs energy (c1) for different substrate induced gap d1 =
0.02, 0.0 3, 0.04, 0.05, fixed Coulomb potential u = 2.2, damping factor el = 0.001 and
temperature t = 0.025 for small wave vector g = 0.03 as shown in above figure.

The figure 2 shows the effect of substrate induced gap on the scattering
intensity. The scattering intensity is enhanced throughout the energy range upto
the induced gap energy with the enhancement of the substrate effect (indicated by
arrow mark). The peak p; arising due to neutron momentum transfer energy
exhibits enhancement of its peak height with increase of substrate induced
gap(d,). With increase ofd,, the position of peak p, shifts to higher energies
showing the enhancement of substrate induced gap. The substrate induced gaps
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are observed experimentally with gap values 100 meV for boron nitride [10],
200meV for gold-on-ruthenium [11] and 250 meV for SiC [12]. Tight-binding
theoretical calculation by Rout et.al. [13] predicts that the substrate induced gap
can be enhanced upto 67% by taking electron-phonon coupling of 2 = 0.2 t; and
higher frequency phonon vibration frequency w, = 0.6 t;jarising due to
graphene-on-polarized substrate and superstrate.

5. Conclusions

We present here a tight-binding-binding model calculation of frequency
dependent neutron scattering intensity of monolayer graphene. We consider a
tight-binding model Hamiltonian incorporating substrate induced gap, coulomb
correlation effect. The neutron spectra shows a low energy peak arising due to
neutron momentum transfer energy and higher energy flat peak associated with
substrate induced gap. The high frequency peak shifts to higher energy with
increase of substrate induced gap. The increase of substrate induced gap and
neutron momentum transfer energy enhances ferromagnetism ordering in the
monolayer graphene within lower energies (¢;) < d; .
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