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The Hall conductivity of graphene
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Sensitivity of the Hall conductivity of graphene plane to gas molecule adsorption is investigated within
the coherent potential approximation for the tight-binding model Hamiltonian. The results show that the Hall
conductivity of system have a limit change when finite triatomic and tetratomic gas molecules adsorb and act as

acceptors or donors.

Carbon nanotubes (CNTs) is one of the promising
nanoscale molecular sensors used to detect gas molecules
with fast response time and high sensitivity [1-3]. Si-
milar to CNT, graphene based device is the first truly
2D material and a promising candidate for gas sensing
applications [4-13]. Recently, a graphene sample has been
used as a very sensitive possibility of detecting individual
H,0, CO, NO, and NHj3 molecules [6]. The working
principle of graphene devices as gas sensors is based on
the changes of their electrical conductivity. The change of
conductivity could be attributed to the changes of charge
carrier concentration in the graphene, therefore a little
change of carrier concentration can cause a notable variation
of electrical conductivity. Hence the sensor property could
be based on changes in the conductivity due to adsorbed
molecules on the graphene sheet that act as acceptors
or donors [4-14]. In this work, using the tight-binding
approach, Green’s function technique and the coherent
potential approximation (CPA), we consider the system
under a weak magnetic field perpendicular to the graphene
plane. In the limit of a weak magnetic field, the Hall
conductivity of quantum transport theory agrees with the
Boltzmann result [13-16]. We present the sensitivity of the
Hall conductivity of system to finite triatomic and tetratomic
(in the general form denoted by XY, and XY3 respectively)
gas molecule adsorption in the Boltzmann transport theory,
when XY acts as acceptors and XY3 acts as donors. These
are similar to NO, and NHj3 adsorption.

Let us consider the Hamiltonian of system as a random
tight-binding model,
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where @ and B refer to the Ay or By, sites inside of the
graphite Bravais lattice unit cell. Here m=1,2,3 and 4
used for triatomic gas adsorption and m=1,2,3,4 and
5 used for tetratomic gas adsorption. We note that each
Bravais lattice site includes two nonequivalent sites that are
indicated by A; and B; (Fig. 1). Also CiO‘Jf (c¥) is the
creation (annihilation) operator of an electron on Bravais

lattice site i, tioj-ﬁ ’s are the usual hopping integrals between
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the sub-sites @ and S in the Bravais lattice unit cell i
and j, A = C?TC{’ is the number operator, u is chemical
potential and & is the random on-site energy for sub-site
in the Bravais lattice unit cell. We work in units where
M. = € = C = h are set equal to unity.

Figure 1. A schematic of graphene sheet. The light dashed
lines illustrate the Bravais lattice unit cell. Each cell includes
two nonequivalent sites, which are denoted by A; and B;. a;
and a, are the primitive vectors, |a;| = |ay| = a = apv/3 where
ap = acc = 1.42A. Also figure illustrates general form of two
triatomic gas molecule adsorption.

Using the Eq. (1) and the Green’s function technique, the
equation of motion for the electrons can be written as,

D IEI-& +ul) i + ] G(l, j;E) =15,
|
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where G(I, j;E) is the random Green’s function matrix and
E =&+10". Because of the existence eight atoms and
ten atoms in the Bravais lattice unit cell for adsorption
of triatomic and tetratomic gas molecules, the Green’s
function needs to be written as 8 x § and 10 x 10 matrixes
respectively.

Since in the Eq. (2) the random Green’s function matrix,
G(i, j;E), could not be calculated exactly, it should be
expanded in terms of clean system Green’s function matrix,
GY(i, j;E), and random potential [15],

G(i, ;E) =G°(i, ;E) + Y _ G(i, ;E)VwG(l', |;E),
1K
(3)
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where GO(i, j;E) is given by,

G'(i, j;E) = NZe"“u (EI—e) ', (4)

where Nng is number of atoms of a Bravais lattice site,
k = kyex + kyey is a two-dimensional wave vector, rij’s are
three vectors that connect a A; (B1) site to it’s nearest neigh-
bor sites, € is the Fourier transformation of t;; and {ex, ey}
are unit vectors in Xy graphene plane. Also, the random
potential matrix, V) -, is defined by, V|, = &8,/ + ét;» and
Sty =ty —tﬁ, is hopping integral matrix deviation with
respect to clean system. For adsorption of triatomic gas
molecules, if in the random potential matrix, hopping to
the nearest neighbors is allowed and if the molecules are
adsorbed by A; and B; sub-sites, the nonzero elements of
random potential matrix can be defined by,

S =aty =00 =0T =0 09

AR _ oAA o AA _ o AA (BB
Sty = oty = oty = otyfy = oty

= ot = sthid = sthe = 5, (6)

Al sthA _ stAA _ oiBoB
Oty = oOtyjy = otyfy = otgjy’

=St = ot = stair =63, (7)

SR = St = oS = st = 6. 8)

Also we define &; as different between on-site energies
of host carbon atom and adsorbed gas X atom and &, as
different between on-site energies of X atom and Y atoms.
The chemical potential takes, u = 0, which is corresponding
to contribution of one electron per carbon atom in the
graphene system. Just nearest neighbors hopping are al-
lowed and neglected others, so the nonzero elements of hop-
ping matrix can be written as, t'?‘B>‘ = tﬁj’;‘ =t~27eV.

The Dyson equation for the average Green’s function
corresponding to Eq. (3) can be written as,

G(i. j;E)

A A
Sty =

= G(i. |:E)
3G LEELEG( ). (9)
1K

where the self-energy, X(I, I’;E), is defined by,

ZZI I E Z<VII/G( s 13E). (10)

|l

(I, ;E) =

Here, (---) denotes configurational averaging. The Fourier
transformation of Eq. (9) is as following,
ikr; 0 1 : !
Gi. 1) = ¢ Ze i) { [G'(kE)]~ z(k,E)} ,
(11)

where X(k;E) is the Fourier transformation of the self-
energy.
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In general there is no analytical solution for such
random systems, hence it should be solved approximately.
Since the gas molecules are adsorbed randomly by the
graphene’s atoms, the Green’s function in the equation of
motion is random and the local behavior could be different
from whole system behavior, hence we should calculate
configurational average properties. We treat this in the CPA
formalism to take the average over all possible adsorbed
molecule configurations. In the CPA method, inter-site
correlations are neglected and each lattice site is replaced by
an effective site except one, which is called the impurity site
and is denoted by i. Then the self-energy is local and takes
the same value for all sites, X(i, j;E) = X(E)dij, so the
Egs. (10) and (11) at impurity site reduce to the following,

S(E)G(i, i5E) = (ViiGimp(i, i E)), (12)

G(i,i;E) = % 3 { [G(E)] ' - E(E)}_l . (13)
k

Using Eqgs. (3) and (9), the impurity Green’s function,

Gimp(i, i;E), relates to the average Green’s function,
G(i, i;E), by,
Gimp(i, 1;E) = G(i, i;E)
+G(i,i;E) [Vii — Z(E)] Gimp(i, iE). (14)

Finally, the new average Green’s function, G(i,i;E), is
obtained by taking average over all possible impurity site
configurations,

G(i,i;E) = (Gimp(i, I5E)). (15)
The Egs. (3)-(15) should be solved self-consistently to
provide average Green’s function, G(i,i;E), in the CPA
approach.

Now we address the question of the Hall conductivity
on the basis of the Kubo formula [17]. When an
electric field is applied to a graphene plane subject to a
perpendicular magnetic field, B = Bge;, a current in the
direction perpendicular to the electric field is observed.
The current is called the Hall current and the Hall
conductivity, oy, is the ratio of the current to the electric
potential. Our starting for Hall conductivity formula is
from [17), oy = [7°0 d&[~dsf (&) oxy(8), where (&)
is Fermi-Dirac distribution function and energy-dependent
Hall conductivity, oyy(¢&), is given by the Boltzmann
transport equation [18],

4By

0y (&) = 5= > { [1x 0™y (10 = oK)y ()M (k)]
k

Xy

X [—%G_(k;E)}S}, (16)

here By is a weak magnetic field perpendicular to the
graphene plane, 2 is the total volume of the system
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and v, is a Cartesian component of the velocity operator
that can be calculated by, v, = d, So(k). Also

Sok) = £ t{3 + 2[cos(k - p;) + cos(k - p,)

+ cos(k - p3)] }%,

where p,, p, and p; vectors are defined by p; = ay,
p, =a; +az, p; =a;. We note that the mass operators
are defined by, My, (k) = 8k, vy(k) and My (k) = 8k, vy (k)
that calculated as,

242 2
Myt 00) =~ g {800 = () 1609 -+£00° .

(7
242 2

w0 = 322 - (25 ) 1200 - 200) ),

(1)

where
&(k) =sin(k - p;) +sin(k - p,),
{(k) =sin(k - p;) —sin(k - p3),
A(k) = 4cos(k - p;) + cos(k - p,) + cos(k - p3)

and
A(k) = cos(k - p,) — cos(k - p3).

So the energy-dependent Hall conductivity of system can
be written as,

oxy(&) = 0o zk:{ K\/g[é(;))(l:)f(k)]z)

<o + (%)2@@ +£00)7] -

t 2 2 2 (e 3
<800+ (55 ) (€00~ £007) || [-960sE))* .
(19)
here oy is a constant value. Also the average Green’s func-
tion, G(k; E), should be calculated in the CPA formalism
(Egs. (3)—(15)).

As we mentioned, the gas molecules are adsorbed
randomly by the graphene’s atoms, so the Green’s function
should be calculated in the configurational average method.
By calculation of the average Green’s function in the CPA
based on the tight-binding model, the effects of finite
triatomic and tetratomic gas molecule adsorption on the
Hall conductivity of graphene are studied. To compare our
conclusions with the theoretical and experimental results,
we vary the hopping integral deviations and on-site energies.
Also we set the hopping integral deviations and on-site
energies for two cases of XY, as charge acceptors and
XY; as charge donors. Then using by these parameters
we investigate the sensitivity of the Hall conductivity of
system to finite gas molecule adsorption. First we set the on-
site energies and hopping integral deviations, &y = —0.15t,

£(k)? — s‘(k)2>
Eo(k)?

& =—0.12t, §; = —0.10t, &, = —0.05t, 53 = +0.10t and
64 = +0.05t, when XY, is identified as charge acceptors.
Fig. 2, b illustrates our results in this case. For small con-
centrations of gas adsorption, ¢ = 0.010 and ¢ = 0.020, we
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Figure 2. Show the energy-dependent Hall conductivity

of graphene, when triatomic gas molecules are adsorbed.
a) — in full range of energy, concentration of gas adsorption is
¢ = 0.020. The on-site energies and hopping deviations are chosen
to be & = —0.15t, & = -0.12t, 6 = —0.10t, 5 = —0.05t,
83 =+40.10t and 8 = +0.05t. b») — concentrations of gas
adsorption are ¢ = 0.010 and ¢ = 0.020. The Hall conductivity
have a change caused by the adsorption of these molecules.
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Figure 3. The energy-dependent Hall conductivity of graphene
when tetratomic gas molecules are adsorbed. = The on-site
energies and hopping deviations are chosen to be & = +0.15t,
& = +0.12t, & =+40.10t, &, = +0.05t, &3 = —0.10t and
64 = —0.05t. Concentrations of gas adsorption are ¢ = 0.010 and
¢ = 0.020. The Hall conductivity have a change caused by the
adsorption of these molecules.
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found that the Hall conductivity is sensitive to the adsorption
of these gases. This is consistent with the reported results
for NO, adsorption [6]. Second we use the on-site energies
and hopping integral deviations, ¢; = +0.15t, &, = +0.12t,
61 = +0.10t, &, = +0.05t, 63 = —0.10t and 64 = —0.05t,
while XY3 acts as charge donors. Concentrations of gas
adsorption are ¢ =0.010 and ¢ =0.020. Fig. 3 shows
that the Hall conductivity of graphene is sensitive to
the adsorption of these gases. This is similar to NHj
adsorption [6]. In conclusions, we found that when the
adsorbed gas molecules are identified charge acceptors or
charge donors, the Hall conductivity of the graphene have
a limit change caused by the adsorption of these molecules.
Our results are in agreement with the theoretical and
experimental reports for NO, and NH3 adsorption.
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