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ABSTRACT   

To create carbon-based nanoscale integrated electronic, photonic, and spintronic circuit one must demonstrate the three 
functionalities in a single material, graphene quantum dots (GQDs), by engineering lateral size, shape, edges, number of 
layers and carrier density. We show theoretically that spatial confinement in GQDs opens an energy gap tunable from 
UV to THz, making GQDs equivalent to semiconductor nanoparticles. When connected to leads, GQDs act as single-
electron transistors. The energy gap and absorption spectrum can be tuned from UV to THz by size and edge engineering 
and by external electric and magnetic fields. The sublattice engineering in, e.g., triangular graphene quantum dots 
(TGQDs) with zigzag edges generates a finite magnetic moment. The magnetic moment can be controlled by charging, 
electrical field, and photons. Addition of a single electron to the charge-neutral system destroys the ferromagnetic order, 
which can be restored by absorption of a photon. This allows for an efficient spin-photon conversion.  These results 
show that graphene quantum dots have potential to fulfill the three functionalities: electronic, photonic, and spintronic, 
realized with different materials in current integrated circuits, as well as offer new functionalities unique to graphene.  
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1. INTRODUCTION 
Current information technology uses different materials for storage, retrieving, transmitting, and manipulating 
information. This is inefficient and leads to a significant power dissipation. One approach, spintronics, attempts to merge 
semiconductor and ferromagnetic materials, potentially allowing logic and storage operations in the same hybrid material 
[1-3]. Spin injection and doping with magnetic ions of inorganic and organic semiconductors, organic ferromagnets, and 
carbon nanotubes were studied [4-6]. Recent progress in graphene opens new possibilities for creating multi-functional 
graphene-based spintronics components [7-25]. In this work, we describe electronic, photonic and magnetic properties of 
semiconductor nanostructures made of graphene, and discuss their potential application as building blocks for nanoscale 
circuits made of carbon only [26-47]. We show that fabricating graphene quantum dots with appropriate size, shape, 
edge termination and sublattice symmetry enables the design of semiconductor systems with magnetic and optical 
properties. We focus on triangular graphene quantum dots and Möbius strips with zigzag edges which combine the 
properties of semiconductors and ferromagnets. We also discuss the interplay between magnetic and optical properties 
and how they can be controlled using electric fields and photons. 

2. METHODOLOGY 
Electronic properties of graphene nanostructures within the single-particle approximation can be described using the 
tight-binding Hamiltonian introduced by Wallace [7]: ∑ +−= σσ jiij cctH , where +

σic and σic are creation and 

annihilation operators of pz electron on i-th site with spin σ , ijt  is a hopping integral: 5.2=t eV between nearest and 

1.0=t eV between next-nearest neighbors according to values for bulk graphene [12]. The tight-binding Hamiltonian 
describes finite size systems by applying boundary conditions at the edges, e. g., by putting a hopping integral t=0 to 
auxiliary atoms outside of the quantum dot. Such boundary conditions correspond to the hydrogen passivation of edge  
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carbon atoms, a situation confirmed experimentally [48]. The effect of the external magnetic field is incorporated by 
making the Peierls substitution [49, 50]: ijett ijij

ϕ→ , where ijϕ  is the magnetic field dependent phase accumulated by 
going from i-th to j-th site. The dimension of the Hilbert space is equal to the number of atoms because there is one 
electron per pz orbital per carbon atom. The energy eigenvalues and corresponding eigenfunctions are obtained by 
diagonalizing the Hamiltonian matrix numerically. Optical properties are determined by calculating dipole 
moments fri , where i  is the initial and f  are final excited electronic states. In order to include many-electron 

effects in graphene quantum dots, a combination of tight-binding, Hartree-Fock and configuration interaction  methods 
(tb-HF-CI) is used [35, 37, 38, 40, 41], with direct and exchange Coulomb matrix elements for electrons scattering up to 
next nearest neighbors computed using Slater pz orbitals. Approximate matrix elements are computed for long-range 
direct Coulomb interaction. Final-state interactions are included using the approximate GW-BSE approach. 

3. ELECTRONIC AND OPTICAL PROPERTIES 
Graphene is a semi-metal with a vanishing density of states at the Fermi level [12]. Opening of an energy gap in this 
material can be accomplished by quantum confinement, of which one possible realization is cutting graphene into 
quantum dots [29, 38]. The energy spectra and opening of gaps for graphene quantum dots with different shapes and 
types of edges, (a) hexagonal dot with armchair edges, (b) hexagonal dot with zigzag edges, and (c) triangular dot with 
zigzag edges, are shown on the left-hand side of Fig. 1. 

  

 
Figure 1. Left: the low-energy spectra of graphene quantum dots with different shape and edge termination consisting of 
N~100 atoms. The Fermi level is indicated by the blue dotted line. The energy gap is similar for all structures. In a triangular 
graphene quantum dot with zigzag edges, the degenerate shell of zero-energy states appears in the middle of the gap. Right: 
Joint optical density of states. In (a) and (b), there are transitions from the valence to conduction band, in (c) there are 
transitions from the valence band to the degenerate shell (blue arrow), from the degenerate shell to the conduction band (red 
arrow), from the valence band to the conduction band (green arrow), and within the degenerate shell (black arrow). 
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The three structures have N~100 atoms and comparable energy gaps, Egap~1.2 eV, indicated by black arrows in Fig. 1(a) 
and (b), and the green arrow in Fig. 1(c). We see that for the hexagonal structure with armchair and zigzag edges the 
energy spectra are similar, with the gap smaller for zigzag GQD. On the other hand, the comparison of two structures 
with the zigzag edge, the hexagon and the triangle, reveals a very different energy spectrum. For a TGQD there exists a 
shell of degenerate levels at the Fermi level.  The degeneracy of this shell is a linear function of the size of the triangle 
and can be made macroscopic. The edge atoms belong to only one sublattice. The existence of such a shell is related to a 
broken sublattice symmetry in the triangle and has a profound effect on the electronic and magnetic properties to be 
discussed in the next Section. 

Fig. 1 demonstrated the opening of a gap in the energy spectrum, with occupied valence band below the Fermi level Ef 
and empty conduction band above the Ef. The right-hand side of Fig. 1 shows the absorption spectrum corresponding to 
transitions from the valence to the conduction band, showing that GQDs are optically active. The dipole moments 
correspond to transitions from the valence band to the conduction band for all structures, and for a triangular dot also 
from the valence band to the degenerate shell, from the degenerate shell to the conduction band, and between states 
within the degenerate shell. All structures have the largest absorption peak slightly above the energy gap. For TGQD, an 
extra peak at low energy appears due to transitions within the degenerate shell. Thus, graphene quantum dots, regardless 
of their shape and type of their edges, are optically active.  

An important feature of GQDs is the ability to control the energy gap over a large energy range by controlling the size of 
the GQD. Fig. 2 shows the energy gap dependence on the size of the three structures from Fig.1. The energy gap is 
defined as the energy difference between the lowest state from the conduction band and the highest state from the 
valence band. Fig. 2 shows that the magnitude of the energy gap in graphene nanostructures can be designed by 
manipulating the size, shape and edge termination, or introducing an external magnetic field. For the hexagonal structure 
with zigzag edges, the energy gap rapidly vanishes when the size increases. This is related to the presence of edge states 
in the vicinity of the Fermi energy [29]. For TGQD and the hexagonal quantum dot with armchair edges, the energy gap 
is inversely proportional to the square root of the number of atoms. Such behavior is expected for Dirac Fermions with 
linear energy dependence on the wavevector. The energy gap varies from a few eV for structures consisting of tens of 
atoms, to a few meVs for a one million atom structure, and correspondingly from UV to THz [38]. Once the GQD is 
  

 
Figure 2. The energy gap as a function of size for graphene quantum dots with different shapes and edge termination, shown 
in Fig. 1. The inset shows closing of the energy gap when the magnetic field increases for structures consisting of around 
N~1000 atoms. 
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fabricated, the gap can be closed with a magnetic field.  For semiconductor quantum dots the energy gap increases with 
the increase of the magnetic field. Inset in Fig. 2 shows the opposite behavior in GQDs: when the magnetic field 
increases, the energy gap closes. This is related to the existence of the zero Landau Level (0LL) exactly at the Fermi 
level, E=0. In graphene nanostructures, states close to the energy gap from the valence and conduction bands evolve to 
0LL when the magnetic field increases, which effectively closes the energy gap. Thus, optical properties of graphene 
nanostructures can be tuned in a variety of ways: by changing size, shape, and edge termination, or using an external 
magnetic field.   

4. MAGNETIC PROPERTIES 
In order to study the magnetic properties, electron-electron interactions have to be included. They are important in 
particular in a system with the degenerate energy levels, like TGQD. We illustrate the magnetic properties of TGQDs on 
the example of a TGQD with N=97 atoms [31-39]. There are Ndeg=7 zero-energy states. These levels are occupied by 
electrons, and for the charge-neutral system the shell is half filled. Applying a metallic gate enables control of the 
population of electrons occupying the degenerate shell. We analyze the total spin S as a function of the number of 
electrons in the shell, shown in Fig. 3(a). When electrons are added to the zero-energy shell one by one, the total spin 
increases linearly as if following the Hund’s rule. For the half-filled shell, the total spin is maximal, as indicated by the 
red arrow in Fig. 3(a). The spin polarization for the half-filling was shown by various techniques: the Heisenberg model 
[31], the Hubbard model, and the density functional theory [32, 33]. Electrons within the shell are ferromagnetically 
coupled due to the exchange interaction. Next, one extra electron is added to the half-filled spin polarized shell. Initially 
it has to have spin up because all spin-down energy levels are filled. However, it turns out that this extra electron leads to 
a strongly correlated ground state with total spin S=0. The total spin S=7/2 for Nel=7 electrons is decreased to S=0 for 
Nel=8 electrons, as shown by the blue arrow in Fig. 3(a) [35]. Removing the magnetic moment by charging with a single 
electron is potentially an efficient way to control magnetic properties with a gate. The robustness of the two effects 
observed for TGQD: (i) maximal spin polarization for the half-filled shell and (ii) the spin depolarization effect after 
adding one extra electron, can be confirmed by studying different systems with similar edge structure.    

 

 

 

 
Figure 3. The total spin S as a function of the number of electrons occupying the degenerate shell for (a) triangular graphene 
quantum dot with zigzag edges and (b) graphene Möbius strip. For both systems, the half filled shell is maximally spin 
polarized (red arrow), and addition of one extra electron leads to the spin depolarization (blue arrow). 
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The graphene Möbius strip shown in Fig. 3(b) on the left, due to its topology has only one edge [51] and is a prototype of 
a topological insulator (TI) in real space. As a TI, it has degenerate energy levels in the middle of the energy gap, with 
the number of states determined by the length of the strip [52]. However, in the Möbius strip the degenerate shell has a 
more complex structure. For the system considered here, with N=364 atoms, there are two subshells, one with Ndeg=7 
zero-energy states, and the second nearby subshell with two extra states [52]. For the charge neutral system, there are 
Nel=8 electrons distributed among these states. When the lower subshell is half-filled with Nel=7 electrons, the system is 
maximally spin polarized. This can be understood by noting that the Möbius strip has one edge like a single edge of a 
graphene nanoribbon [43], or the one-sublattice edge of TGQD considered in this work. Addition of one extra electron 
leads to the spin depolarization, identically to the situation observed TGQD, see Fig. 4(b). Thus, effects presented here 
seem to be universal for electrons occupying the one-sublattice edge. 

5. COMBINING OPTICAL AND MAGNETIC PROPERTIES  
Electronic properties of triangular graphene quantum dots with zigzag edges, described in previous sections, show that 
these systems can be used to design an efficient semiconductor ferromagnetic device with the magnetic moment 
controlled by an electric gate [53]. We have shown that for the charge-neutral system, the degenerate shell of zero-
energy states is half-filled. The electron spins are aligned ferromagnetically in order to maximize the exchange 
interaction. This is shown in Fig. 4(a) using black downward arrows representing spin densities of Nel=7 electrons 
occupying the zero-energy edge states of the structure with N=97 atoms. The ground state has total spin S=7/2 and is 
separated by an energy gap from the excited states with different spins. Next an extra electron is added using an electric  
 
 

 
Figure 4. An efficient way of controlling the magnetic moment using an electric gate and light. On the left, black arrows 
represent spin densities of electrons on zero-energy edge states. On the right, many-body energy spectra for different total 
spins are shown, with red circles indicating the ground state. (a) The system is charge neutral with the total spin of the 
ground state S=7/2. (b) One extra electron is added to the system using an electric gate. The total spin of the ground state is 
S=0. (c) Charged system with one extra electron and one photon absorbed. The white arrow in the center of the structure 
represents a hole in the valence band. The magnetic moment is restored, total spin of the ground state is S=3.  
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gate. The erromagnetic order is totally destroyed, as shown in Fig. 4(b). The total spin of the ground state is S=0. Next, 
one photon is absorbed [53]. This creates an exciton with an extra electron within the degenerate shell and a hole in the 
valence band, indicated by the white arrow in the center of the structure shown in Fig. 4(c). The total spin of the ground 
state is S=3, thus a magnetic moment is recovered. This is related to the exchange interaction between electrons from the 
degenerate shell and the hole from the valence band, which overcomes correlation effects leading to the spin 
depolarization. Thus, the magnetization of the system is controlled by a single electron from a nearby gate and a single 
photon. These effects could be used to engineer the coherent spin-photon conversion process. 

6. CONCLUSIONS 
We have shown here that, at least theoretically, one can create the three functionalities: electronic, photonic, and 
spintronic, in a single material, graphene, by engineering the lateral size, shape, edges, and carrier density of graphene 
quantum dots (GQD). The future work will aim at designing ways of integrating these functionalities on a single 
nanoscale chip. 
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