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Abstract. We examined the power factor in zigzag graphene nanoribbon 
under the Hubbard term as a function of chemical potential. The 
computational approach was used through the density function theory and 

Boltzmann transport. As the value of Hubbard term increases, the band gap 
increases, thus affected the Seebeck coefficient and electrical conductivity. 
We then calculated the power factor through those two quantities. We found 
that small carrier doping should be included to improve the performance of 
power factor, which surpasses the optimum value. This indicated that zigzag 
graphene nanoribbon is appropriate for the thermoelectric material.     

1 Introduction 

Zigzag graphene nanoribbon is a magnetic form of graphene by reducing the dimensionality 

of graphene, as initially proposed by Fujita et al. [1]. It is then known that magnetism in 

zigzag graphene nanoribbon is generated by the edge carbon atoms. Some authors confirm 

that arranging the direction of magnetic moment of edge carbon atoms induce different 

electronic properties [2], even in the bilayer form [3].   

 Calculations based on density functional theory reveal the antiferromagnetic state as the 
ground state for zigzag graphene nanoribbon for all layer forms [4]. Meanwhile, this ground 

state always induce the semiconducting state with a narrow band gap [5]. Since the narrow 

gap may induce high Seebeck coefficient, it is of interest to examine the power factor for 

several temperature. In addition, we also need the electrical conductivity, having the opposite 

nature to the Seebeck coefficient according to the Wiedemann-Franz law. 

 Even though the zigzag graphene nanoribbon is a magnetic material, the magnetism is 

very weak due to small magnetic moment and small spin-orbit coupling. By this fact, 

magnetism in zigzag graphene nanoribbon is unstable for the high temperature, even at room 
temperature [6]. Therefore, magnetism remains stable only at very low temperatures. Thus, 

it is appropriate to use the Seebeck approach to investigate the thermoelectric properties since 

this effect can work for both magnetic and non-magnetic materials. 

The purpose of the paper is to investigate the Seebeck-based thermoelectric properties by 

varying the Hubbard term as a tunable parameter, which can enhance the band gap in 
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semiconducting state. To see the contribution from each state, we calculate the thermoelectric 

properties for the spin-up and spin-down states under the Hubbard term. While the Hubbard 

term is usually employed to the d-orbital-based materials, investigating the influence of 

Hubbard term on p-orbital-based materials provides perception into the role of electron 

correlation beyond transition materials.   

2 Method  

We generate a crystal structure of antiferromagnetic zigzag graphene nanoribbon, as shown 
Fig. 1. To induce the antiferromagnetic state, we arrange the direction of magnetic moment 

at the edges in the opposite way. Here, we use the experimental lattice parameter of graphite 

(2.46 Å) with the vacuum spacing of 30 Å along the non-periodic directions. In this case, we 

only concern the ribbon width 𝑁 = 6.   

 

 

Fig. 1. Crystal structure of zigzag graphene nanoribbon from top view and side view. The blue arrows 
describe the magnetic moment of edge carbon atoms, where N is the ribbon width. 

 We initially perform the collinear self-consistent calculation to obtain the electronic 

structure for the spin-up and spin-down states by using the OpenMX package [7]. We set the 

cutoff energy of 300 Ry, a 70 × 1 × 1 k-point sampling, and the functional of generalized 

gradient approximation [8]. Since the valence electron in the carbon and hydrogen atoms 

only hold in p and s orbitals, respectively, we only fix the primitive s and p orbitals for the 

basis set.  

 After obtaining the electronic properties, including the total energy and band gap, we 
employed the BoltzTraP2 code to evaluate the Seebeck-related thermoelectric properties [9] 

using a relaxation time of 10 fs, with particular focus on the Seebeck coefficient and electrical 

conductivity. These quantities were subsequently used to estimate the power factor at various 

temperatures. 

3 Results and Discussions 

The band structure for the spin-up and spin-down states in the antiferromagnetic form under 

the Hubbard term U is shown in Fig. 2. As immediately observed for U = 0 eV, the spin-up 
and spin-down states are overlap with the narrow band gap, indicating the semiconducting 

state. As the Hubbard term increases, the band gap also increases, thus strengthening the 

electron-electron Coulomb interaction.  

As we check the magnetic moment of the edge carbon atoms, we find that each edge 

carbon atom receives 0.3 𝜇𝐵. This magnetic moment is so small compared to other magnetic 

materials, such as metal halides [10]. As the consequence, the critical temperature never 

reaches room temperature as predicted by Ref. [11].   
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Fig. 2. Band structure of collinear zigzag graphene nanoribbon, where the spin-up and spin-down state 
are overlap. Meanwhile, the Hubbard term is represented by U. 

We continue to plot the dependence of Seebeck coefficient (S) on the chemical potential 

(𝜇), as shown in Fig. 3. As expected from the band structure, the profiles of Seebeck 

coefficient in the spin-up and spin-down are absolutely the same because those two spin states 

are overlap. This indicates that both of spin states give the same contribution for the Seebeck 

coefficient. 

For the narrow band gap for U = 0 eV and U = 1 eV, the Seebeck coefficient exists with 

high peaks near the Fermi level, except at 𝑇 = 100 K. Our findings are consistent with the 
other semiconducting state with the narrow band gap [12, 13].  For the large Hubbard U value 

U > 1 eV, the calculated Seebeck coefficients approach zero at all temperatures, which can 

be related to the wide band gap and the suppression of electronic carriers. Also, since the 

highest peaks of Seebeck coefficients lie near the Fermi level, it only needs a small amount 

of doping to reach those peaks.  

For the comments, the Seebeck coefficient at room temperature, 𝑇 = 300 K, possibly 

neglects magnetism due to low critical temperature as previously mentioned. This means that 

thermoelectric properties in this condition are only influenced by the electronic structure of 
zigzag graphene nanoribbon. 

We then plot the dependence of electrical conductivity (𝜎) on chemical potential (𝜇) for 

some Hubbard terms U and temperatures T. By the same condition in both spin states, the 

profiles of electrical conductivity in both spin states are the same for each Hubbard term and 

temperature, as the same tendency in the Seebeck coefficient. Following the Wiedemann-

Franz law, the electrical conductivity becomes low in opposite high Seebeck coefficient.  
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Fig. 3. Dependence of Seebeck coefficient (𝑆) on chemical potential (𝜇) for some Hubbard terms U 
and temperatures T. 

Enhancing the electrical conductivity needs a high carrier doping; however, the electrical 

conductivity remains limited even under high carrier doping. We also see that increasing the 

Hubbard term, both the Seebeck coefficient and electrical conductivity reduced, then those 

two quantities become zero at high Hubbard term for all temperatures.     

4

EPJ Web of Conferences 377, 01005 (2026) https://doi.org/10.1051/epjconf/202637701005

IPS 2026



 

Fig. 4. Dependence of electrical conductivity (𝜎) on chemical potential (𝜇) for some Hubbard terms U 
and temperatures T. 

Since the Seebeck coefficient and electrical conductivity have been completely obtained, 

we plot the dependence of power factor (𝑃𝐹) on the chemical potential using the expression  

𝑃𝐹 = 𝑆2𝜎.        (1) 

We display the dependence of power factor on the chemical potential for some Hubbard U 

and temperatures in Fig. 5. It is clear that only U < 1 gives the contribution for thermoelectric 
properties in both spin states. Near the Fermi level, we see that the peak of power factor lies 

within the interval of 0.002 Wm-1K-2 - 0.008 Wm-1K-2 for U = 0 eV and 0.001 Wm-1K-2 - 0.004 

Wm-1K-2 for U = 1 eV. 
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Fig. 5. Dependence of Power factor (𝑃𝐹) on chemical potential (𝜇) for some Hubbard terms U and 
temperatures T. 

Our findings show that low carrier doping can be incoporated to reach the highest peak, 

which exceeds the optimum power factor 10−3 Wm-1K-2 [14]. So, we confirm that the 

semiconducting state with the narrow band gap is required to surpass the optimum power 

factor, thus indicating that the graphene nanoribbon is suitable for the Seebeck-based 

thermoelectric material.   

5 Conclusion 

Based on the collinear self-consistent calculations, we obtain the semiconducting state in 

both the spin-up and spin-down states from the band structure. We also obtain small magnetic 

moment of 0.3 𝜇𝐵 at each edge carbon atom, leading no contribution of magnetism for the 
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thermoelectric properties at room temperature. We observe high Seebeck coefficient but low 

electrical conductivity near the Fermi level with the same profile in both spin states due to 

the overlap between the spin-up and spin-down states. By using those two quantities, we 

obtain high power factor exceeding the optimum value near the Fermi level, indicating the 

small amount of doping to reach the highest peak.   
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