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Abstract—Employing the Pariser-Parr-Pople model Hamiltonian, we predict theoretically that the ferromagnetic ground state of graphene
nano-fragments can undergo phase transition to a non-magnetic state on the application of an external electric field. Our results indicate that the
energy gaps for up and down spins are degenerate in the absence of electric field. However, this degeneracy is lifted under the influence of an
external electric field. This selective tuning of the different magnetic states as well as their energy gaps in graphene nano-fragments by an
externally applied electric field can be efficiently exploited in designing nano-scale spin polarized field effect transistors.
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. INTRODUCTION

The successful isolation and fabrication of graphene nano-
fragments (GNF) has triggered a plethora of investigations [1-
6] in recent years due to its intriguing properties such as high
carrier mobility, long spin diffusion length, long lifetime and
intrinsic magnetism. This properties of graphene nano-
fragments make them a potential candidate for nano-electronic
devices. In addition, recent theoretical studies have elucidated
that quantum confinement, edge nature, shape and application
of an external electric field play an important role in
manipulating the magnetic properties of graphene based nano-
fragments. This opens up new frontiers for the practical
application of graphene nano-fragments in fabricating novel
spintronic devices.

Recent theoretical investigations have revealed that the
spin-ordered edge states of zigzag edged graphene nano-
fragments can undergo energy-level shifts under the influence
of an external electric field, leading to a phase transition
between the different magnetic phases. In addition, it has been
predicted that the application of electric field to the anti-
ferromagnetic (AFM) phase of graphene nano-fragments lifts
the spin degeneracy resulting in a half-semiconducting
behavior. However, it is observed that most of the literature
reported, till date, focuses in analyzing magnetism in regular
shaped graphene nano-fragments while very few studies exist
on irregular shaped graphene nano-fragments. This has
inspired us to explore the effect of electric field on the
different magnetic states of GNF with minimum (Cy)
symmetry.

The organization of the rest of the paper is as follows. A
brief overview of the theoretical methodology is presented in
Sec. Il which is followed by results and discussion in Sec. Ill.
Finally, the conclusions are given in Sec. IV.

Il. COMPUTATIONAL METHODOLOGY

The geometric configuration of the hydrogenated GNF
consisting of 40 carbon atoms is given in Fig. 1. It will be
denoted as GNF-40, in the remainder of the paper.

Fig. 1. Geometric configuration of GNF-40.

In our calculations, the bond-lengths and bond-angles
between the carbon-carbon atoms have been fixed at 1.4 A and
120°, respectively. The longer extent of the GNF is assumed to
lie along the y axis while the shorter dimension is along the x-
axis.

The calculations have been done by employing the
effective m-electron Pariser-Parr-Pople (PPP) [7-8] model
Hamiltonian

H=-30 [tij (Cia+cj(; + er7+ Ci)] +U Y (nirnu)
+2ig [Vi(ni-1)(n-1)] @

where ¢, (c,-g+) denotes the creation (annihilation) operator
acting on a 7 orbital localized on the i" carbon atom of spin ¢
while the matrix elements t; represents the one-electron hops
which has been restricted to nearest neighbours in our
calculations. The value of hopping matrix elements have been
fixed at 2.4 eV, consistent with our earlier studies on polymers
[9], polycyclic aromatic hydrocarbons [10] and hydrogenated
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graphene nano-fragments [11]. The term n; represents the total
number of electrons of the i carbon atom having spin o. The
parameters in the second and third terms of egn. (1) depict the
on-site and long-range Coulomb interactions, respectively.
These Coulomb interactions have been parametrized according
to the Ohno relationship

Vi = Ulkj (1+0.6117 R; )2 2)

where x;; represents the dielectric constant for taking into
account the screening effects of the system while R;; denotes
the distance (in A) between the i and j" carbon atoms. In this
work, the computations have been done at the restricted
Hartree-Fock (RHF) and the unrestricted Hartree-Fock (UHF)
level for the non-magnetic and magnetic states, respectively
using a code developed in our group. The values of the
parameters adopted for our calculations are U = 8.0 eV and x;j
=2

I1l. RESULTS AND DISCUSSION

A. Energetic ordering and phase diagram of the different
magnetic states of GNF-40

The computed Hartree-Fock energy of the different
magnetic states of GNF-40, in the absence of electric field,
indicates that the ferromagnetic (FM) phase is the ground state
which is followed by anti-ferromagnetic (AFM) state. The
non-magnetic (NM) configuration constitutes the second
excited state of the system.

Fig. 2 represents the magnetic phase diagram of GNF-40 as
a function of an external electric field. It is observed that the
FM configuration is the ground state, in the absence of electric
field. Further, the FM ground state remains stable under the
influence of an electric field along the x-direction (i.e.,
longitudinal electric field E,).
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Fig. 2. Magnetic phase diagram of GNF-40 as a function of an external
electric field.

However, the first excited AFM state undergoes a phase
transition to the second excited NM phase when the magnitude
of E, > 0.14 (V/A). Similarly, the AFM state is destroyed
resulting in a NM phase when the magnitude of electric field
along the y-direction (i.e., transverse electric field E;) > 0.1
(V/A). In addition, this phase transition is also observed under
the simultaneous application of longitudinal and transverse
electric field.

At high values of transverse electric field, a phase
transition from ground (FM) to NM state occurs when the

magnitude of E, > 0.54 (V/A). However, this NM phase is
very unstable and transforms back to the FM phase at the
instant E, is also applied. Further, this NM state becomes
energetically stable when the magnitude of the applied electric
field Ex>1.57 (V/A) and E, > 0.54 (V/A).

Thus, a phase transition occurs initially from the first
excited AFM state to the second excited NM phase at low
values of electric field which is subsequently followed by a
phase change from the FM ground state to the NM
configuration. This implies that the magnitude as well as
direction of applied electric field is responsible for
manipulating the phase transitions exhibited by GNF-40.

B. Spin density plots of the different magnetic states of GNF-
40 as a function of electric field

Fig. 3 (a-b) represents the spin density distribution for the
AFM phase of GNF-40 in the absence and presence of an
external transverse electric field (E, = 0.06 V/ A), respectively.
The up(a)/down(B) spin orientation of the carbon atoms are
depicted by (yellow/blue) spheres in the figure.

It is observed that in the absence of electric field (Fig. 3a)
the spin density corresponding to the up spin direction of the
carbon atoms is localized on the upper edge of GNF-40 while
the carbons atoms with down spin orientation are concentrated
on the lower edge. The local magnetism of the AFM phase
with zero net spin is due to this spatial asymmetry of the spin
distribution.
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Fig. 3(a-b). Spin-density plots of the AFM phase of GNF-40 in the
absence and presence of transverse external electric field, respectively.
The yellow/blue spheres represent the up/down spin orientation of the

carbon atoms.

When GNF-40 is exposed to a transverse electric field of
magnitude E, = 0.06 V/ A, a transfer of spin distribution
among the carbon atoms is observed. This eventually leads to
a NM state with further increase in electric field.

Fig. 4 (a-b) represents the spin density plot for the FM
phase of GNF-40 in the absence and presence of an external
diagonal electric field (Ex = 1.4 V/ A and E, = 0.7 V/ A),
respectively. Fig. 4(a) indicates that the spin distribution is
mostly concentrated on the zigzag edges and it rapidly reduces
as we approach the centre of the graphene nano-fragment, in
the absence of electric field. In addition, the number of carbon
atoms having up spin is more than the down spin carbon atoms
imparting FM character to the GNF.
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Fig. 4(a-b). Spin-density plots of the FM phase of GNF-40 in the absence
and presence of external diagonal electric field, respectively.

However, with the application of an external diagonal
electric field (Fig. 4b), the electrons of individual carbon atom
rearrange their mutual spin to reduce the up/down spin
orientations of each carbon atom. This eventually destroys the
FM character of GNF-40 and gives rise to NM state.

This implies that the magnitude and direction of external
electric field plays an important role in redefining the spin
orientation of the carbon atoms, which aids in tuning the
magnetic properties of GNF-40.

C. Variation of spin-polarized band gaps of the AFM and FM
phases as a function of an external electric field.
Fig. 5 (a-b) depicts the dependence of spin-polarized
optical band gaps of AFM and FM configurations of GNF-40
on an externally applied transverse electric field.
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Fig. 5(a-b). Plot of spin-polarized optical band gap of AFM and FM
phases as a function of externally applied transverse electric field,
respectivelv.

o
[S)

It is observed that the optical band gap of the up/down spin
orientations of the carbon atoms is degenerate for both the
AFM and FM states in the absence of electric field. However,
this spin-degeneracy is lifted on application of electric field. In
case of the AFM phase, the application of electric field results
in an uniform decrease/increase of the optical band gap of spin
down(B)/up(a) electrons. However, the optical band gap
corresponding to spin down electrons never become zero due
to quantum confinement of GNF-40 resulting in half-
semiconducting behaviour. Eventually, the optical band gap of
spin down/up electrons becomes degenerate with increase in
the magnitude of applied external electric field.

The spatial concentration of the up/down spin distribution
at the opposite edges of GNF-40 is primarily responsible for
the splitting of the optical band gap in AFM state (Fig. 3a).
However, a spin transfer occurs on application of electric field,

resulting in a decrease in the splitting of the optical band gap.
Finally the spin-polarized optical band gaps become
degenerate at the instant the AFM state undergoes a phase
transition to the NM phase.

In case of the FM phase, the spin-polarized optical band
gap exhibits an electric field induced splitting, in agreement
with the behaviour observed for the AFM state. However, the
band gaps for both o and B spins decreases with increasing
electric field. In addition, the rate of decrease of B spin is
slower as compared to that of o spin under the influence of
electric field. However, the spin-polarized band gaps never
becomes degenerate even for extremely high values of electric
field which is in contrast to the trends exhibited by the AFM
phase. Further, this band gap splitting is observed under the
application of in-plane transverse and diagonal electric fields,
while it remains degenerate when the electric field is applied
along the longitudinal direction.

The spatial concentration of the spin-density (Fig. 4a) of
the same spin orientation is greater on one side of the GNF as
compared to the other side which is responsible for the optical
band gap splitting in the presence of electric field.

Thus, the spin-dependent band gaps of GNF-40 can be
effectively tailored by external electric fields of different
alignments and magnitude. This unique property can be
successfully exploited for designing spintronic devices.

IV. CONCLUSION

In conclusion, we have demonstrated that GNF-40 is an
intriguing system which exhibits well-defined magnetic states
that can undergo phase transition by precise modulation of a
suitably aligned external electric field. Our studies have
elucidated the dependence of spin-polarized optical band gaps
on the strength and direction of the electric field which opens
up new possibilities for developing carbon based spintronic
devices.
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