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INTRODUCTION

DATA AND FINDINGS

Data collected through Quantum Espresso

Two-dimensional materials have become increasingly prominent in
technology due to the demands of the expanding field of materials
science. Graphene is a single-layer 2D sheet of sp? hybridized carbon
atoms, and graphene’s electrons are delocalized--as with benzene. Due
to this property, graphene is a zero-bandgap semiconductor with many
other unique qualities. New innovative bulk manufacturing methods
result in the feasibility of a widespread use of graphene in applications.

Computational chemistry is a growing field with applications in
materials science, calculating for ex. electron density, magnetization,
band structure. Spintronics is the study of solid-state electronic devices
with ternary processing and information storage capabilities. Doping
(embedding) ferromagnetic atoms in graphene alters its properties.
Magnetic storage uses different patterns of magnetization in a
magnetizable material, such as metal-doped graphene, to store data.
Specific properties are ideal for applications in data storage and
spintronics.

Top view of pristine
graphene sheet

RESEARCH AIM

Investigate the thermodynamic and electronic properties of
graphene-embedded Fe, Co, Ni atoms and dimers for data storage and
spintronics applications.

RESEARCH METHODOLOGIES

Plane-wave density functional theory calculations are used to optimize
geometries of all configurations and systems through Quantum
Espresso (PWSCF v5.0.1).

Parameters for metal-graphene systems:

® Rappe-Rabe-Kaxiras-Joannopoulos (RRKJ) ultrasoft pseudopotential
e Perdew Burke Ernzerhof (PBE) generalized gradient approximation
e Supercell Dimensions: 9.84 A x 9.84 A x 9.84 A

® Monkhurst-Pack K-Point gridof4x1x1

Molecular geometry results viewed through Visual Molecular Dynamics

Single Atom Embedded Metal Configuration

: . N Absolute
Configuration I(3;)cklmg sl :Een\;c)halpy FB?hT;ganigéﬁ;lon Magnetization
5 (Bohr mag/cell)
Iron (Fe) 0.519 -6.398 3.90 3.93
Cobalt (Co) 0 -6.088 1.13 2.42
Nickel (Ni) 0 -6.538 0.11 0.16

Double Atom (Side) Embedded Dimer Configuration

Net Magnetization aelBls
Configuration Buckling Height (A) Enthalpy (ev) & Magnetization (bohr
(Bohr mag/cell)
mag/cell)
Iron-Iron (fe-2) 1E-5 4340.37 4.38 5.50
Cobalt-Cobalt (Co-2) 6E-4 4341.22 2.38 2.78
Nickel-Nickel (Ni-2) 5E-4 4341.72 0.00 0.00

Reference Diagra MmSs Note: the bond length of C-C in pristine graphene is 1.40 A
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Double Embedded Metal Atoms: M1 and M2
represent the doped metal atoms. Pairs are
exclusively homonuclear couples of Fe, Co, and Ni.
Heteronuclear pairings are not analyzed in this study.
Note: buckling height of a double atom complex is
recorded as the average of the h of M1 and M2.

Single Embedded Metal Atom: h represents the
buckling height, the perpendicular distance from
the metal atom to the plane of graphene. Buckling
is caused when the electron cloud of an embedded
metal atom repels the surrounding electron clouds
of nearby carbon atoms

Analysis of Magnetization
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A visual for the Ni dimer system
is not shown because the system
is magnetically neutral.

Fe dimer system Co dimer system

® In the Fe single atom system, all magnetization is localized, spread over the s and d
orbitals of the Fe atom.

e In the Co single atom system, all magnetization is localized, spread over Co’s d orbitals.

® In the Nisingle atom system, magnetization is delocalized, spreading to the four nearby
carbon atomes.

We found that the Fe and Co single atom systems have the potential to store data because
they preserve magnetic moment throughout the plane. Ni, however, has delocalized
magnetization, resulting in a material that cannot store data bits as effectively.

® In both the Fe and Co dimer systems, magnetization is largely localized around each metal
atom and split evenly between the two atoms.

e The shape of the magnetic field of each atom within each dimer system is similar to its
respective single atom system magnetic field. Thus, magnetization is spread over the same
respective orbitals.

The Fe dimer system is promising for applications in data storage and spintronics because the
region of space between the magnetization of the metal atom and the negative
magnetization of the carbon atoms (shown in red) is significant. On the other hand, the Co
dimer system has small magnetizations on adjacent carbon atoms that potentially make it
ineffective for electronic applications.

DISCUSSION, ANALYSIS, AND EVALUATION

CONCLUSIONS, IMPLICATIONS, NEXT STEPS

CONFIGURATIONS

Double Atom - Side

Double Atom - Stacked™

*Note: these diagrams represent the possible metal atom configurations.
Single atom and double atom (side) are analyzed in this study.

Analysis of Energies

Analysis on energy must be made relative to systems with similar graphene vacancies
because carbon structures differ between different complexes. Hence single atom-systems
cannot be compared to dimer-systems with regard to enthalpy.

With embedded single atom enthalpy, there were no outstanding values (enthalpy
trend: Co > Fe > Ni). Regardless of spontaneity, smaller enthalpy values are more
thermodynamically favorable--thus in terms of thermodynamic stability Ni is the most
favorable and Co is the least.

With embedded dimer enthalpy, the trend in enthalpies was Fe-2 > Co-2 > Ni-2.
Following the same path of logic, Ni-2 is the most favorable and Fe-2 in the group of dimers.

Analysis of Geometries

As referred under Reference Diagrams, buckling height represents a measure of
interference between the metal atom’s electron cloud and the surrounding cloud of
delocalized electrons above the plane of carbon atoms. Thus, the greater the buckling
height, the higher the level of interference, and the less stable the complex is.

Of the single atom configurations, Co and Ni both had negligible buckling height and Fe
had a substantially larger buckling height of 0.519 A; of the double atom configurations,
buckling height was miniscule in comparison, with an apparent trend (Co-2 > Ni-2 > Fe-2).

In terms of buckling height, we found that Co, Ni, and the dimer complexes are stable
options (refer to C-C bond length of 1.4 A), and Fe is the most unstable option.

e \With regard to geometries, single atom Fe is the most structurally unstable system,
whereas the other systems tested are stable.

® Analyzing energy, single atom Ni and dimer Ni were the most thermodynamically
favorable of each group. Co and Fe in both groups weren’t as thermodynamically
favorable.

® |n terms of magnetization, Ni cannot be used for data storage because of its delocalized
magnetization in the single atom system and its lack of magnetization in its dimer system.

e Single atom Co, single atom Fe, and Fe dimer show potential for spintronics and data
storage because magnetization is localized on the metal.

e Overall, according to the data obtained, the Co single-atom system or the Fe dimer system
seem to be the most promising solutions to the research aim.

As a fairly new material, graphene has immense potential. Already, projected uses range
from biosensors and sterilization to camera lenses and lubricant. Its special properties result
in things like its electrons moving close to the speed of light and imitating relativistic laws of
physics, as well as incredible strength. However, graphene has many characteristics that have
yet to be discovered. Future steps that can be taken for our project include examining
different atom configurations, different elements, or further analysis of data that we were
unable to collect, such as band structure.
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