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Abstract. We report here a tight-binding theoretical study of anti-ferromagnetism in
graphene taking electron hopping up to third nearest neighbors. The graphene-on-
substrate introduces in equivalence in the two sub-lattices of the honey-comb unit cell.
The Hubbard type of repulsive Coulomb interaction within mean-field approximation
introduces anti-ferromagnetic(AFM) order in both the lattices. The AFM sub-lattice
magnetizations are calculated using Zubarev’s Green’s function technique and
computed self-consistently for different ranges of electron-electron interaction.
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1. Introduction

Graphene is a novel material that was successfully fabricated as monolayer
[1]. Recent progress in graphene research has shown different remarkable
properties i.e. high strength and high crystalline quality, high electron mobility,
lack of band gap, thermal conductivity, electrical conductivity and optical
transparency etc. The above mentioned properties are very interesting for various
applications of graphene such as piezoelectric devices, super capacitors, photo
detectors, nano-electronics and field effect transistors (FET) [2-4]. Theoretically,
ab-initio calculations along with density functional theory (DFT) are widely used
to study the electronic band structure and magnetic properties of graphene such
as anti-ferromagnetism, ferromagnetism, diamagnetism and paramagnetism in
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graphene [5]. There are also different theoretical models used to study the
magnetism in nano-graphene by using Monte Carlo simulations [6]. Gouda et.al.
have reported the tight binding model calculation of the substrate effect on the
AFM sub-lattice magnetization [7]. In the present communication, we report the
interplay between temperature and Coulomb interaction; and substrate induced
gap and Coulomb interaction.

2. Formalism

The tight-binding model Hamiltonian for anti-ferromagnetic order is

Hy = Z(Sa,k al Ak + epkby obio) + Z( €13k A% obio + E15kDf oK) (1)
ko ko

where g, = &, — U+ X,V + A+ gy and ey = &, — u+ X,V — A + g5 Where
aﬁ_c(ak,c) and bf;G(bk’G) are the creation (annihilation) operators with spins
(o =T,1) on A and B sites respectively. Here €, and g, are the site energies at A
and B sites. The site energies €, and g, at A and B sites are modified by energy,
€, + A and g, — A due to substrate induced gap A. Here x, and xpare impurity
concentrations at sub-lattice sites respectively with corresponding attractive
potential V. Further the hopping energy are for first neighbors, & =
—t1]y1(K)|, second neighbors, €, = —t,|y,(k)| and third-nearest-neighbors,
e3x = —t3]y3(K)|, where t4, t,, t3 represent the respective hopping integrals. The
dispersion |y, (k)|for electron hoppings between nearest carbon atoms at I" point
is

lyi(®)| = \/1 + 4cos? (%) + 4cos (? kxa) cos (%) (2)
The repulsive Coulomb interactions at both the sub-lattices are given by
Hy = UZ[ nft nf, +npynp; | 3)
i

where nf; and n}?(T are the electron occupancy number operators for two sub-
lattices. Using Hartree-Fock mean-field approximation, the Coulomb correlations
are written as

a a o a a a a a a
nPn?, ~<n >nP 4+ <np >nP —<nd; ><nf >

Since AFM order is assumed to be present in graphene - on- substrate, the
magnetic spin orientation at A sub-lattice becomes opposite to that of B site. Here
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the electron occupancies at A and B sites are written as < n2 >= §+ % and

<nd >= g_onb Here n,m, and my, are the respective electron occupancy

and sub-lattice magnetizations. The m, and my, are oppositely directed. The total
Hamiltonian becomes Ht = Hy + Hy.

3. Calculation of AFM magnetization

The total Hamiltonian is solved by Zubarev’s Green’s function method [8].
The electron correlation functions associated with A and B sub-lattices for

electron momentum k and spin o are defined as < n2 ; >=<al a;, > and

< nﬁ‘a >=< blt sPko > -They are calculated from the corresponding Green’s

functions and are written as

<ng,>=
1

|(Eiko = 25,0(0)) fBE10) = (Eoko — £00(K) ) f(BE)|  (4)

(E1iko—E2ke)

<nps>=
1
[(Eiko = £a,0()) €(BE1ko) — (Ezko = £a,0(K) ) F(BE210)] 5)
where f(BEqks) Stands for Fermi distribution function with quasiparticle energy
Eq ko With @ = 1,2 . The sub-lattice magnetizations at A and B sites are defined
as

(E1ko—Ez2ko)

m, = N[ < al,agr > — < af a >];my, = Ti[< bl br >— < bl by, >] (6)

Using correlation functions given in equations (4) and (5), the sub-lattice
magnetizations i.e. m, and my, are calculated from equation (6).

4. Results and Discussion

The magnetizations m, and m;, at A and B sub-lattices for different spin
orientations are computed numerically and self-consistently for total Brillouin
zone taking 100x100 grid points for electron momentum in graphene plane. To
facilitate numerical computation, the physical parameters are scaled by first-
nearest-neighbor hopping integral (t; = 2.78 eV). The temperature appears as

kgT . . . ~ ~ t
t ==~ in dimensionless form. The scaled parameters are t; = -1, t, = t—z
1

1
t; = E—i attractive impurity potential v = % repulsive Coulomb potential u = tE

1
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substrate induced gap d; = tA , Site energy at A-site ea = i—a ,Site energy at B-site
1 1
eb = i—b and chemical potential um = tﬁ The results are discussed in figures1-2.
1 1

The sub-lattice magnetizations (m,, m;,) plotted for Coulomb potential at
temperatures t = 0.04,0.08,0.10 at room temperature and just above it. At a
given temperature t = 0.04, the magnetization m, decreases up-to Coulomb
potential u, = 2.35 and monotonically increases for higher u. On the other hand
AFM magnetization(m;,) gradually increases for higher u, but AFM
magnetization vanishes for u less than U, = u.t; = 2.35t; = 6.533 eV. It is
observed that the sub-lattice magnetizations are in-equivalent i.e. (m, > my,) for
all values of coulomb potential at any given temperature. The in-equivalence
arises due to the substrate induced gap in graphene. The magnetization(m,) is
enhanced for lower Coulomb potential and is suppressed at higher u values
showing a turning point in m, where m, is greater than a critical magnetization
(m,.) and magnetization m, becomes smaller than critical magnetization (m,.)
for this critical Coulomb potential wu., =3.58. On the other hand
magnetization(my,) is enhanced for lower value of Coulomb potential up-to
critical Coulomb potential u., = 2.51 and the magnetization is suppressed for
Coulomb potential u > u.,. The turning point m, and m, shows that the
corresponding magnetizations are independent of temperature.
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Fig. 1. The plot of magnetizations (m,, my) vs. Coulomb Potential (u) for different

temperatures t = 0.04, 0.08, 0.10, impurity potentials v = 0 and at substrate induced gap

d; = 0.090 and band filling n = 0.75.
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Figure. 2 shows that the effect of substrate induced gap d, on AFM sub-
lattice magnetizations (m,, my). For given d; = 0.10, the magnetization m,
gradually decreases with Coulomb potential u and finally nearly remain constant
with further increase of u. On the other hand AFM magnetization(my,) is zero for
critical Coulomb potential u., =24 for d; =0.10. However, the
magnetization(my,) is continuously increases for u > u, = 2.4. With further
decrease of substrate induced gap, the magnetization(m,) is suppressed and
magnetization (my,) is enhanced with decrease of substrate induced gap. Finally
the two sub-lattice magnetizations coincide with each other (m, = my) for all
Coulomb potentials. In the absence of substrate induced gap (i.e. d; < 0.002),
the AFM magnetization attains a flat minimum (m,. = my,. = 0.45) at critical
Coulomb potential (u, = 2.2) and increases linearly with further increase of
Coulomb potentials.

et P, d1=0.002
TR S A ——igd] =67 |
g e FH = d1=007
s S —- d1=0.09 |7
Eoal o o - d1=0.10 | -
< O_. .’ .IJ. e el L ] L

— [P ST U M| L
22 24 26 28 3 32 34 36 38 4 42 44
Coulomb Potential (u)

Fig. 2. The plot of magnetizations (m,, m;) vs. Coulomb Potential (u) for fixed
temperature t = 0.04, impurity potentials v = 0 and at different substrate induced gap
d; = 0.002,0.02,0.07,0.09,0.10 and band filling n = 0.75.
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5. Conclusions

We have proposed a tight binding model study taking electron hoppings up-
to third nearest neighbors for graphene-on-substrate. The on-site Coulomb
interaction is treated within mean-field approximation and the average electron
density is expressed in terms of electron occupancy and sub-lattice
magnetizations  for  anti-ferromagnetic(AFM) order. The  sub-lattice
magnetizations are calculated by Green’s function technique and are computed
numerically. It is observed that the sub-lattice magnetization (m,) is always
greater than the sub-lattice magnetization(my). The AFM order at B-site exists
above a critical Coulomb potential u, = 2.4. The substrate induced gap
enhances the magnetization (m,) and suppresses the magnetization (my).
However, the two sub-lattice magnetizations coincide with each other for lower
substrate induced gap (i.e. d; < 0.002 ) for all Coulomb potentials. The present
tight binding model calculation displays very strong interplay between the
Coulomb interaction and substrate induced gap.
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