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Abstract 

 

Recently, the importance of open source database is increasing as a 

new methodology for material discovery. We introduced material database 

using automation code AMP2 that provides sophisticated and reliable 

calculation results for the band structure, band gap, effective mass, density of 

states and dielectric constant. Although there are several databases that 

provide theoretical properties for most inorganic materials present in ICSD, 

our database has an advantage on diverse material systems and providing 

effective mass of hole and electron, dielectric constant and HSE band gap 

energy that require large computational power. We find the workflow that can 

give consistence results and provide material database to the public to get the 

active feedback from the users. This material database would be utilized for 

material discovery and providing reliable data sets for prediction of material 

properties.  
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1. Introduction 

1.1 Material design and material database  

As the advancement of material science and lots of trials to 

understand the physics inside properties of materials, the number of materials 

that are newly discovered in a year has been incrementing. Increasing number 

of identified materials’ structures in ICSD every year is the evidence that 

indicates this advancement. To be specific, ICSD is a website that collects 

structural information of a new substance that has been reported to the 

academic community.[1] However, finding a material with the desired 

properties is still a multidimensional problem that requires diverse 

approaches.  

As a breakthrough, material simulation become crucial in material 

discovery. Many research groups have already employed this high-throughput 

computational approach to screen thousands of compounds for discovery of 

potential new functional materials. Moreover, in recent years, attempts have 

been made to reduce the cost of substance discovery by opening a database 

built through calculation and the importance of open source database is 

increasing in material discovery. [2] 

Although material simulation and material database become crucial 

in material discovery, most of those researches are focused on typical atomic 

group for symmetry. Since material discovery is multidimensional optimizing 
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problem, screening overall diverse material groups without redundant 

calculation is efficient way in material discovery. For these reasons, there has 

been many demands on accurate material database open to the public so that 

can be utilized in material design.  

 

1.2 Material property prediction with machine learning 

While many DFT programs constantly improve to be efficient and 

powerful, the ab initio calculation still requires in-depth knowledge on the 

underlying numerical algorithms as well as fundamental theories on the 

electronic structure. Despite the improvements in computer performance, 

required computational power for material discovery in DFT calculation has 

been increased because the system of new functional and catalytic has 

become more complicated. For these reasons there has been many trials on 

predicting materials’ property with machine learning or utilizing value from 

machine learning as a descriptor in high throughput screening. Although, 

compared to the history of DFT calculation, the history of material property 

prediction with machine learning is minute, the results from machine learning 

are comparable to those of DFT calculation or even batter in computational 

cost perspective. However, there has been some skeptical criticism towards 

reliability on the outcome of machine learning because it does not come out 

from directly following the profound physics that has driven the prosperity of 
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material science and engineering. As a result of this specific characteristic of 

machine learning, its procedure that induces the outcome is considered as 

“Black Box”. To overcome this weakness, many experts has tried to prove 

that machine learning tools are able to give the plausible outcome which 

reflects the hidden physics shared in material data used as a training set. Since 

the primary step of constructing machine learning model is getting reliable 

training set and consistent training set is useful in comprehending the 

correlation between architecture of the model and the result, there has been 

lots of need in accurate and consistent material database. As we are well 

aware, the material field is a state where it is difficult to obtain accurate and 

refined data.  
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2. Computational theory and methods 

2.1 DFT and beyond DFT 

2.1.1 Density functional theory  

Density functional theory (DFT) is the most powerful first-order 

principle calculation method for predicting the physical properties of various 

systems since Hohenburg and Kohn's theorem [3] were introduced in 1964. 

By Hohenburg and Kohn's theorem, the external potential can be uniquely 

determined by ground state charge density ρ (r). The total energy E of the 

system is defined as  

 E =  ∫𝑣𝑣(𝑟𝑟)𝜌𝜌(𝑟𝑟)𝑑𝑑𝑟𝑟 + 𝐹𝐹(𝜌𝜌(𝑟𝑟))      (2.1) 

Where 𝑣𝑣(𝑟𝑟)  is the external potential, 𝜌𝜌(𝑟𝑟)  is the charge density, and 

𝐹𝐹(𝜌𝜌(𝑟𝑟)) is the universal functional. The variational principle proves that the 

total energy given by Eq.(2.1) is minimum when 𝜌𝜌(𝑟𝑟)  is  the charge 

density of ground state.  

The Hamiltonian that defines interacting of electrons with the ionic 

potential should be determined to calculate electronic structures of the 

materials and the Hamiltonian with N electrons is shown in Eq. (2.2) 

−∑ ħ2

2𝑚𝑚
𝑁𝑁
𝑖𝑖=1 ∇𝑖𝑖2 −  ∑ 𝑍𝑍𝐼𝐼𝑒𝑒2

�𝑅𝑅𝐼𝐼����⃗ −𝑟𝑟𝚤𝚤���⃗ �
𝑁𝑁
𝑖𝑖,𝐼𝐼=1  +  ∑ 𝑒𝑒2

�𝑟𝑟𝚤𝚤���⃗ −𝑟𝑟𝚥𝚥���⃗ �
𝑁𝑁
𝑖𝑖>𝑗𝑗 ∇𝑖𝑖2     (2.2) 

The first term is kinetic energy, the second term is ion and electron 

interaction, and the third term is electron and electron interaction. Although 

there has been many attempts to solve Schrodinger equation of many-body 
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system, fully solving the Schrodinger equation of this system to get the energy 

of each electrons is considered as almost impossible because it requires 

solutions for at least N! of determinant. In 1965, Kohn and Sham suggested 

the effective potential 𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓 to describe many body system. They substituted 

the numerous Schrodinger equations, that represents the interactions of N 

electrons, into a simple equation by using the concept of the effective 

potential which is composed of three parts; 1) the ion and electron interaction 

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒  (Ewald energy), 2) electron and electron coulomb interaction 𝑉𝑉𝑒𝑒−𝑒𝑒 

(Hartree energy), and 3) the exchange and correlation energy 𝑉𝑉𝑥𝑥𝑥𝑥. 

𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓(𝑟𝑟) =  𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒 +  𝑉𝑉𝑒𝑒−𝑒𝑒 + 𝑉𝑉𝑥𝑥𝑥𝑥           (2 .3)  

With  𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓 , the numerous Schrodinger equations turn into the simple one 

particle problem as Eq. (2.4) 

�− ħ2

2𝑚𝑚
∇2 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 �𝜌𝜌�𝑟𝑟�⃗ ���𝛷𝛷𝑖𝑖(𝑟𝑟) =  𝜀𝜀𝑖𝑖𝛷𝛷𝑖𝑖(𝑟𝑟)      (2.4) 

The effective potential is calculated by given initial charge density and wave 

vectors from the atomic potentials and the Schrodinger equation is reduced to 

single particle equation because of the variational principle. From this 

condition, the Fermi energy and new charge density are calculated from the 

simplified Schrodinger equation with effective potential and this calculation 

processes is repeated recursively until the difference between starting charge 

density and new charge density becomes smaller than certain given criteria . 

 The effective potential is crucial factor in DFT calculation and it can 
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be classified into two different types considering approximation method of 

exchange correlation term in the potential which is related to quantum 

mechanical properties of many body system. First, local density 

approximation (LDA), which is first introduced by Kohn and Sham [4], 

assumes that the exchange correlation energy of the system is the 

homogeneous electron gas. For this reason, the exchange-correlation energy 

value at point r is regarded as the corresponding value of the electron-gas 

system with homogeneous charge density.  

𝐸𝐸𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿[𝜌𝜌(𝑟𝑟)]  =  ∫ 𝜀𝜀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿�ρ(𝑟𝑟)�ρ(𝑟𝑟)d𝑟𝑟         (2.5) 

Second, generalized gradient approximation (GGA), which is developed by 

Perdew [5] and Becke [6], is basically similar to LDA but GGA contains the 

inhomogeneity of electron density in the exchange-correlation energy which 

is shown as a gradient term in Eq. (2.6). 

𝐸𝐸𝑥𝑥𝑥𝑥𝐺𝐺𝐺𝐺𝐿𝐿[𝜌𝜌(𝑟𝑟)] =  ∫ 𝜀𝜀𝑥𝑥𝑥𝑥𝐺𝐺𝐺𝐺𝐿𝐿(𝜌𝜌(𝑟𝑟)|𝛻𝛻𝜌𝜌(𝑟𝑟)|)𝜌𝜌(𝑟𝑟)𝑑𝑑𝑟𝑟     (2.6) 

In 1996, Perdew-Burke-Ernzerhof improved formal GGA scheme (PW91) 

and it is called PBE [7]. We use PBE for GGA functional in this thesis. GGA 

improved description of the binding energy of the molecules and the cohesive 

energy of solids compared to LDA [8].  
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2.1.2 Beyond DFT  

Although the DFT calculation has successfully predicted material 

properties in various systems, both LDA and GGA have intrinsic weakness in 

prediction of band gap energy. As mentioned in the previous chapter, both 

effective potentials are based on the two different approximations of 

exchange correlation energy. These fundamental assumptions inevitably 

produce underestimation of band gap.   

 However, the hybrid functional can provide more realistic band gap 

value compared to conventional DFT. The hybrid functional is based on 

mixture of the exact exchange from Hartree-Fock(HF) and the rest of the 

exchange–correlation energy  from the DFT. The self-interaction error 

within DFT is largely canceled by HF method. In this automation code, 

HSE06 method [9]is used because it is more efficient compared to former 

PBE0 [10] method. HF exchange energy is only admixed within short-range 

(SR) part because the exchange energy is exponentially decaying as a function 

of the distance. Since the exchange energy in HF scheme is calculated by 

integrating the orbital directly, excluding long-range (LR) part makes a profit 

on performance. The resulting formula of this scheme is 

𝐸𝐸𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻𝐻𝐻 =  1
4
𝐸𝐸𝑥𝑥
𝐻𝐻𝐹𝐹,𝐻𝐻𝑅𝑅(𝜇𝜇) + 3

4
𝐸𝐸𝑥𝑥
𝑃𝑃𝑉𝑉𝐻𝐻,𝐻𝐻𝑅𝑅(𝜇𝜇) + 𝐸𝐸𝑥𝑥

𝑃𝑃𝑉𝑉𝐻𝐻,𝐿𝐿𝑅𝑅(𝜇𝜇) + 𝐸𝐸𝑥𝑥𝑃𝑃𝑉𝑉𝐻𝐻  (2.7) 

Here the mixing coefficient α is 0.25 which indicate the ratio for the 

amount of exact exchange from HF. μ is the screening parameter, the criteria 
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for splitting SR and LR. In HSE06 μ is chosen by 0.2 Å 
−1

. 

HSE06 calculation often results in a little underestimation of band 

gap energy in particular cases and this could weakness could be overcome by 

adjusting mixing coefficient α . However, in this case, HSE band gap 

calculation is implemented inside the automation code (AMP2) and it is 

important for automation code to give consistent result. Therefore, in AMP2, 

mixing coefficient α for HSE06 is fixed to 0.25.  

 

2.1.3 Spin orbit coupling and band gap 

Adding the spin without turning on the spin-orbit coupling simply 

doubles the degeneracy of every state but the spin-orbit interaction will lift 

some of the degeneracy. It was first emphasized by Elliot and by Dresselhaus 

et al. that the spin orbit coupling (SOC) may have a profound effect on the 

one-electron energy levels in bulk semiconductors. In particular, spin orbit 

splitting of the top most valence band in semiconductors like Ge and GaAs. 

In a tight binding picture without spin the electron states at the valence band 

edge are p like (orbital angular momentum l = 1). With SO coupling taken 

into account we get electronic states with total angular momentum j = 3/2 and 

j = 1/2 that are split in energy by an SO gap ∆0. [11] 
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The Hamiltonian with spin orbit interaction has the form [12] (the 

final term is added) 

𝐻𝐻 =  1
2𝑚𝑚

𝑝𝑝2  + 𝑉𝑉(𝑥𝑥)  +  1
4𝑚𝑚2𝑥𝑥2

𝛿𝛿 × grad 𝑉𝑉(𝑥𝑥)  ∙ p        (2.8) 

Where δ is the pauli spin operator, with the components 

𝜎𝜎𝑥𝑥 =  �0 1
1 0� ;       𝜎𝜎𝑦𝑦 =  �0 −𝑖𝑖

𝑖𝑖 0 � ;      𝜎𝜎𝑧𝑧 =  �1 0
0 −1�.   (2.9) 

The Hamiltonian (2.8) is invariant under lattice translations T if 𝑉𝑉(𝑥𝑥) is 

invariant under T. Spin-orbit (SO) interaction modifies both the orbital and 

spin components of motion in a substantial way. The eigenfunction of (2.8) 

will be of the Bloch form, but they will not in general correspond to the pure 

spin states α or β for which 𝜎𝜎𝑧𝑧𝛼𝛼 =  𝛼𝛼;  𝜎𝜎𝑧𝑧𝛽𝛽 =  −𝛽𝛽. In general  

𝜑𝜑𝑘𝑘↑(𝑥𝑥) =  𝑥𝑥𝑘𝑘↑(𝑥𝑥)𝛼𝛼 +  𝛾𝛾𝑘𝑘↑(𝑥𝑥)𝛽𝛽 =  𝑒𝑒𝑖𝑖𝑘𝑘∙𝑥𝑥𝑢𝑢𝑘𝑘↑(𝑥𝑥)       (2.10) 

Where the arrow ↑ on the Bloch function 𝜑𝜑𝑘𝑘↑(𝑥𝑥) denotes a state with the 

spin generally up in the sense that (𝜑𝜑𝑘𝑘↑,𝜎𝜎𝑧𝑧𝜑𝜑𝑘𝑘↑) is positive. In the absence of 

spin orbit interaction involves only α. The arrows on 𝑥𝑥𝑘𝑘↑   and 𝛾𝛾𝑘𝑘↑  are 

labels to indicate their association with 𝜑𝜑𝑘𝑘↑.  

 

With spin orbit interaction the function 𝑢𝑢𝑘𝑘(𝑥𝑥) satisfies  

� 1
2𝑚𝑚

(𝑝𝑝 + 𝑘𝑘)2 + 𝑉𝑉(𝑥𝑥) + 1
4𝑚𝑚2𝑥𝑥2

𝛿𝛿 × 𝑔𝑔𝑟𝑟𝑔𝑔𝑑𝑑𝑉𝑉(𝑥𝑥) ∙ (𝑝𝑝 + 𝐾𝐾)� 𝑢𝑢𝑘𝑘↑(𝑥𝑥) =

                                                                                                                   𝜖𝜖𝑘𝑘𝑢𝑢𝑘𝑘(𝑥𝑥)  

(2.11) 
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And the terms 

1
𝑚𝑚
�𝑝𝑝 + 1

4𝑚𝑚𝑥𝑥2
𝛿𝛿 × grad V� ∙ k =  𝐻𝐻′      (2.12) 

Are often treated as perturbations for small k or small charges in k from a 

special wave vector 𝑘𝑘0.  

The quantity 

π ≡ p +  1
4𝑚𝑚𝑥𝑥2

𝜎𝜎 × grad V             (2.13) 

has many of the properties for the problem with spin-orbit interaction which 

p has for the problem without spin-orbit interaction. 
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2.2 Automation algorithms 

2.2.1 Workflow of automation code 

As other material databases, our data is consistently generated from 

the automation code AMP2. The schematic diagram of AMP2’s calculation 

procedure is in Figure. 1 The code receives a structural information that is 

provide as a cif file that contains information on atomic positions and lattice 

vectors. Since ICSD has received all the newly discovered materials’ structure 

information, the database contains many duplicated materials reported from 

different paper with different experimental conditions. Moreover, AMP2 

primarily calculates the optimized material structure in 0K temperature and 

0bar pressure so it is possible that several different cif files converge in to the 

same structure. To increase the efficiency of this whole procedure, AMP2 

excludes structure cif files that probably converge into one identical structure. 

First of all, AMP2 carries out convergence tests to set k points and 

cut-off energy which is appropriate for Perdew-Burke-Ernzerhof (PBE) 

functional and, from this parameters setting, it obtains the theoretical 

equilibrium structure, considering magnetic ordering. The code constantly 

checks the magnetic moment and free energy by sifting magnetic ordering 

and finally decides the magnetic orientation that has the lowest energy. From 

this optimized structure, band gap calculation, effective mass of electron and 

hole and density of state (DOS) are calculated in PBE functional. However, 
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local-density approximation (LDA) is used for dielectric constant and band 

gap values are calculated in both hybrid-functional and PBE. 

Since the AMP2 is focused on calculating electronic structure of 

materials, all the optimized structures basically go through PBE band gap and 

DOS calculation procedures to determine whether this material goes through 

hybrid functional band gap, effective mass of electron and hole and dielectric 

constant calculation process. Every materials that are classified as non-

metallic materials by PBE functional follow through the steps for hybrid-

functional band gap, effective mass, and dielectric constant calculation. 

However, PBE potential is well known for underestimating band gap value 

so it is likely that non-metallic materials in experiment end up being classified 

as metallic materials. For this reason, AMP2 conducts an additional hybrid-

functional band gap calculation for several metallic materials as the solution 

for this obstacle and those metallic materials are selected by examination of 

DOS. By carrying out one-point hybrid-functional calculations on selected k 

points, the package determines the metallic or semiconducting nature 

accurately. For transition-metal elements with localized 3d electrons, it is 

efficient to be described by PBE + Hubbard U method and U values are from 

Ref. [13].  
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2.2.2 Collecting structures of materials 

 To construct the material database, material structure information is 

needed. ICSD is one of the largest database for completely identified 

inorganic crystal structures and this website provides inorganic material 

structures of both experimentally and theoretically identified structure. Only 

the experimentally identified structures are included in material database. 

This website provide structure information of material in cif file and, from 

the automation code, similar cif files are screened before they go through 

AMP2 workflows.  

 Since AMP2 was first developed for high-throughput calculation to 

find, our material database has been stacking crystal structures that have 

anions C, N, F, P, S, and Cl which have high electronegativity. The material 

group is expended to bulk crystals that contains As, Se, Sb, and Te. However, 

materials that contain radioactive atoms are excluded since their chemistry 

and physics are similar and they are scarcely synthesized in the actual 

laboratory.  
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Figure. 1 Schematic diagram of AMP2 workflow. 
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2.3 Method for structure relaxation 

2.3.1. Convergence test   

In solving the Kohn-Sham equation within the momentum-space 

formalism,[14] it is crucial to get approximations on the k-point mesh in the 

Brillouin-zone (BZ) integration and the maximum kinetic energy (Ecut) for the 

plane-wave expansion. These parameters are chosen from convergence test 

that selects the parameters by examining free energy. The dimension of mesh 

grids (N1, N2, N3) and fractional k points along each direction are determined 

by an integer nk as follows; 

𝑁𝑁𝑖𝑖 = 𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐[𝑏𝑏𝑖𝑖/(𝑏𝑏𝑚𝑚𝑚𝑚𝑥𝑥/𝑛𝑛𝑘𝑘)],           (2.13) 

𝑘𝑘𝑖𝑖 =  2𝑚𝑚−𝑁𝑁𝑖𝑖−1
2𝑁𝑁𝑖𝑖 

   (m = 1, 2, … ,𝑁𝑁𝑖𝑖 ),          (2.14) 

where i is the axis index, bi is the length of ith reciprocal lattice, bmax is the 

maximum among bi. According to Eq. (2.12), Ni scales with the length of the 

corresponding reciprocal lattice and the maximum value among Ni is nk. By 

ratcheting up nk, more dense meshes are selected. To note, if Ni is an odd 

number, ki = 0 is selected along the ith axis while it lies on the middle of the 

grid for an even Ni. For the BZ integration, the package uses the Gaussian 

smearing with the width of 0.05 eV. 

Starting from 200 eV, cutoff energy increases by 50 eV. The package 

determines the converged k-point grid and cutoff energy when the total energy 

and stress-tensor components agree with the next two values within 10 
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meV/atom and 10 kbar and second step is selected as Figure. 2.  

 

 

 

 

 

 

Figure. 2 Convergence tests for number of k points and cutoff energy. 

Yellow and Green highlight represents energy criterial (10meV/atom) 

and pressure criterial (10kbar). As1Rh2_43511’s number of k points is 5 

and Ag2O3_59193’s cutoff energy is 500 eV 

 

 

 

 

 

 

 

Ag2O3_59193 

Cutoff energy : 500eV 

As1Rh2_43511  

K points : 5 
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2.3.2 Optimizing structures 

 From the parameters determined from convergence test, structural 

relaxation is conducted until magnitudes of atomic forces and every 

component of stress tensors are lower than 0.02 eV/Å 
−1

and 10 kbar in PBE 

functional. During the relaxation, the initial symmetry is maintained and the 

input structures are relaxed in 0 pressure and 0K temperature condition. For 

each ionic step, the self-consistent iteration is carried out until the total energy 

converges to within 10−6 eV. Although the relaxation part of the code runs 

by assuming that every materials with spin have same magnetization density, 

the code conducts extra calculation in different magnetization density for 

materials that total energy does not converge in spin-polarized calculations. 

 

2.3.3 Magnetic convergence 

For materials that contain elements possessing localized or unpaired 

electrons, AMP2 conducts the spin polarized calculation and sets 

ferromagnetic ordering to get the optimized structure if the input material 

satisfies any of the two following conditions; (i) Materials include metal 

elements whose valence electrons partially occupy d orbitals (Group 4 ∼ 

Group 12) or f orbitals (lanthanides and actinides). (ii) The total number of 

electrons in the unit cell is odd. The electronic iteration requires starting 

magnetic moments of atoms to construct the initial spin-polarized charge 
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density. In the case of (i), the package sets the initial magnetic moments 

considering the number of valence electrons and charge states if charge states 

are specified in the CIF file. This usually helps facilitate the electronic 

convergence. In the case of (ii), the package uses the default setting in VASP 

(1µB for every element). The spin-polarized calculations are performed for 

convergence tests and structural relaxations. Table. 1 shows the percentage of 

materials that satisfy this criteria. Then, if the local magnetic moment of every 

atom is less than 0.2µB, the package concludes that the material is 

paramagnetic and carry out additional relaxations with the spin-unpolarized 

calculation. Moreover, AMP2 searches the antiferromagnetic ordering for the 

materials that have magnetic moment after the code find the most stable 

ferromagnetic orientation. This is particularly useful for materials including 

3d transition metal atoms (Ti∼Cu). The package finds the ground-state 

collinear magnetic spin ordering using the Ising model. The most stable 

magnetic ordering is found through the genetic algorithm applied on the Ising 

model. Briefly, the code first parameterizes magnetic interactions in a certain 

materials within the Ising model on the basis of first-principles results on a 

specific set of spin configurations. To obtain the minimum energy state in the 

Ising model, the code takes a large supercell and encodes the spin 

configuration within the supercell into a one-dimensional gene and applies 

the genetic algorithm. As a result, candidate spin configurations are obtained, 
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for which we carry out the first-principles calculations with full structural 

relaxations and identify the final ground state. [15] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table. 1 Percentage of materials according to the system that satisfies 

the conditions to go through magnetic convergence step. 

 

 
 
 
 
 
 

System  % (Total number) 
Unary  12% (233) 
Binary  51% (2767) 
Ternary  52% (2772) 

Quaternary 74% (320) 
Quinary 100% (10) 
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2.4 Method for band gap and density of states 

2.4.1. Band structure and density of states 

For the band structure, AMP2 computes Kohn-Sham eigenvalues 

along the lines connecting every combination of high-symmetry k points in 

Ref. [16]with the line density of 0.04π Å 
−1

 by carrying out non-self-

consistent calculations. We name the selected k-point set as K. In the graphic 

presentation of the band structure, those paths explicitly chosen in Ref. [16] 

are displayed. The Fermi level (EF) is obtained during the self-consistent 

calculations (ESCF). In the case of metallic systems, EF is simply equal to 

ESCF. For semiconductors or insulators, EF is set to the maximum eigenvalue 

within the valence band. In obtaining DOS, the package doubles the mesh 

size of k points compared to that used in the structural optimization. The 

package calculates DOS with the tetrahedron method with the Bloch 

correction [17].  

Although calculation considering spin orbit coupling (SOC) costs 

high computational power, SOC is important in determining band gap 

property Therefore AMP2 gets the optimized structure without SOC and 

calculates band gap considering SOC for materials containing specified 

elements.  

Metallicity and band gap energy value are determined from the band 

structure obtained in the above. Band gap energy is defined from the average 
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between the highest energy among occupied states and the lowest energy 

among unoccupied states. (Figure. 3) If band gap energy is less than 0.01 eV, 

the material is regarded as a metal. It is well known that the PBE functional 

underestimates the band gap so AMP2 uses hybrid functional method, HSE06 

[18] to overcome this discrepancy. However, HSE06 is computationally 

expensive to apply to the whole procedure. Thus, the code estimates the HSE 

eigenvalues at the k points corresponding to valance band maximum (VBM) 

and conduction band minimum (CBM) from the PBE band structure while 

self-consistent calculations are carried out within HSE based on the relaxed 

structure and the k-point mesh used in the PBE calculations. This assumes 

that band edges from HSE and PBE lie on the same k points. The mixing 

parameter for the exact exchange energy is fixed to 0.25 by default. 
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Figure. 3 Band diagram of Ag2O3; line density between high symmetry 

k points is 0.04π Å 
−𝟏𝟏

 and this is the schematic picture of how band 

gap value is demined.  

 

 

 

 

 

Band gap: 0.40 eV (Indirect) 

Line density of 0.04π Å −1 
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2.4.2 Identification of small-gap materials 

Due to the underestimation of the band gap in PBE, small-gap semi-

conductors are calculated to be metallic in PBE potential. To distinguish 

small-gap materials from true metals, AMP2 employs an indicator, DF / DVB, 

it is defined as follows: 

𝐷𝐷𝐹𝐹 𝐷𝐷𝑉𝑉𝑉𝑉⁄ =  ∫
𝐿𝐿(𝐻𝐻)𝑑𝑑𝐻𝐻0.3

−0.3
0.6

 ∫ 𝐿𝐿(𝐻𝐻)𝑑𝑑𝐻𝐻−1
−3

2
�            (2.15) 

where D(E) is DOS at the energy of E when fermi energy (EF) is 0 and all the 

numbers are in eV. Metallic materials with DF / DVB < 0.3 have a good chance 

to be a small-gap semiconductor. In this case, AMP2 first identifies local 

extrema in the band structure within ±0.5 eV from EF. The package carries 

out HSE ‘one shot’ calculations on k points corresponding to local extrema. 

Afterwards, the metallicity or band gap is determined following the same 

method as that for estimating band gap in the previous PBE band structure 

calculation step. In Figure. 4, Ag2O is determined as metallic material in PBE 

potential but it has small gap in HSE potential (1.12 eV). In DOS, 𝐷𝐷𝐹𝐹 is red 

shaded part and 𝐷𝐷𝑉𝑉𝑉𝑉 is green shaded part and 𝐷𝐷𝐹𝐹 𝐷𝐷𝑉𝑉𝑉𝑉⁄  < 0.3. Its band gap 

value is calculated from VBM Γ point and CBM Γ point. 

However, as shown in Figure 4, PBE band gap calculation step is 

prior to DOS diagram calculation so DOS for identification of small band gap 

and DOS presented in diagram are different. To be specific, DOS for small 

band gap is less sophisticated than DOS for diagram because, in the DOS step, 
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the code doubles the number of k points to get accurate diagram.  

 

 

 

 

Figure. 4 Band diagram and DOS of Ag2O; In DOS diagram 𝑫𝑫𝑭𝑭 is red 

shaded part and 𝑫𝑫𝑽𝑽𝑽𝑽 is green shaded part. 

 

 

 

 

 

Ag2O1, ICSD#173984 DOS 
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2.5 Method for effective mass of hole and electron 

For insulators and semiconductors, AMP2 computes the averaged 

effective mass tensor within the semi classical transport theory using the 

following equation: 

 〈𝑚𝑚𝑖𝑖𝑗𝑗
∗ 〉−1 =  1

ħ2
∑ ∫𝑑𝑑𝐤𝐤

𝜕𝜕2𝜀𝜀𝑛𝑛𝐤𝐤𝜎𝜎
𝜕𝜕𝑘𝑘𝑖𝑖𝜕𝜕𝑘𝑘𝑗𝑗

𝑓𝑓𝑛𝑛𝐤𝐤𝐤𝐤𝑛𝑛,𝜎𝜎

∑ ∫𝑑𝑑𝐤𝐤𝑓𝑓𝑛𝑛𝐤𝐤𝜎𝜎𝑛𝑛,𝜎𝜎
,              (2.16) 

 

where ħ  is the Planck constant divided by 2π, n the index for valence 

(conduction) bands for electrons (holes), k the reciprocal wave vector, σ the 

spin index, εnkσ the corresponding Kohn-Sham eigenvalue, and 𝑒𝑒𝑖𝑖𝐤𝐤𝐤𝐤 is the 

Fermi-Dirac distribution function (𝑒𝑒𝐹𝐹𝐿𝐿) at 300 K for electron carriers or 1 − 

𝑒𝑒𝐹𝐹𝐿𝐿 for hole carriers. In Eq. (3), i and j denote Cartesian indices (x, y, and z). 

The Fermi level in 𝑒𝑒𝐹𝐹𝐿𝐿 is set to CBM (VBM) in evaluating the electron (hole) 

effective mass. In order to save the computational time without compromising 

accuracy, we restrict the k domain in Eq. (2.16) by considering that 𝑒𝑒𝑖𝑖𝐤𝐤𝐤𝐤 

rapidly decays to zero for εnkσ away from the Fermi level. This scheme 

contrasts with other programs, for example, Boltztrap [19] that utilizes k-

point meshes over the whole BZ. The relevant regions are selected by the 

following three steps (it is assumed that hole effective masses are calculated): 

First, the package locates local extrema on the k-point lines explored in the 

band structure. If the energy of the top valence band at a certain k is the 

maximum within a cutoff radius of 0.04π Å 
−1

 and fnkσ > 0.01, the k point 
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is chosen to be local maxima. Then, the package examines eigenvalues of the 

corresponding band along the k lines in the direction of <100> (face center) 

and <110> (edge center) that pass through the extremum point. Then, the 

package determines the smallest orthorhombic cell that encloses all points 

with fnkσ > 0.01. If several extremum points are close to each other, the 

algorithm chooses one region that includes all of them. After constructing the 

uniform mesh with the spacing of 0.04π Å 
−1

, the package evaluates the 

differentiation and integration in Eq. (2.16) based on the centered difference 

approximation. The integration in the numerator of Eq. (2.16) is carried out 

over extremum points in the irreducible BZ, and the package expands the 

result over the 1st BZ through symmetry operations. In Fig. S2, we compare 

hole effective masses from AMP2 and those from obtained using Boltztrap 

program.[20] While AMP2 uses typically several hundreds of k points, far 

less than 8,000 points in Ref. [20], the agreements are excellent. 

 

 

2.6 Method for dielectric constant 

There are two types of the dielectric tensor depending whether ions 

are clamped or allowed to relax under the external field; the optical dielectric 

constant (ε∞) and the static dielectric constant (ε0), respectively. VASP 

produces both dielectric tensors using the linear-response method based on 
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the density functional perturbation theory (DFPT)[21] and AMP2 simply 

quote the results. Since the result is sensitive to the k-point sampling, the 

package doubles the k-point density along each direction. Since the dielectric 

calculation is only meaningful for non-metallic compounds, the calculation is 

not performed if the material is confirmed to be metallic within PBE. We note 

that the PBE functional usually overestimates the dielectric constant, in 

particular for high dielectric constant (high-k) materials. Therefore, we 

recommend using LDA for high-k materials, which can be done by simply 

switching the functional from the beginning. Occasionally, imaginary phonon 

modes are observed at the zone center for various reasons, for example, 

structural instability. In that case, the package does not provide ε0.  
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3. Result and discussion 

3.1 Performance of automation code 

 Table. 2 is the portion of time consumption for each property 

categorized by material system but quinary system is excluded because 

materials in this group have many number of atoms in the unit cell. Since 

quinary system is complicated, it requires large number of k points to 

calculation effective mass for hole and electron and HSE ‘one shot’ band gap 

so those values are not fully completed. Considering we get experimentally 

approved material structures, computational cost for finding theoretically 

optimal structure is almost ignorable compared to the overall time 

consumption. Calculation for effective mass of hole and electron takes the 

greatest portion of computation power although the number of k points is 

decreased. However, HSE ‘one shot’ band gap calculation does not require 

large computational cost because this value is calculated only in valance band 

top and conduction band bottom.  
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Process Band gap 
HSE band 

gap 

Dielectric 

Constant 

Effective 

mass 

Unary 3 % 16 % 0% 69 % 

Binary 7 % 20 % 17 % 54 % 

Ternary 7 % 19 % 20 % 52 % 

Quaternary 12 % 9 % 35 % 39 % 

 

Table. 2 Portion of computational cost for each system’s properties 

 

 

3.2 Crystal system of materials 

 There has been several trials from other research teams to correct 

material data from their own automation code. However, some of those open 

database only cover specific atomic groups or structures like perovskites or 

exclude complicated system like magnetic alignment or compound include 

transition metals. To broadly inspect the materials properties, open materials 

database should provide diverse material systems to give users incite on 

material discovery. Table. 3 shows the number of materials in different system 

and cells. 
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Table. 3 number of materials for each system 

 

 

Table. 4 presents the number of materials for each property and the 

data is open in the website; www.snumat.com. Noticeable part of this table is 

that number of materials that have density of state (DOS). Inconsistency 

between the number of materials that have band gap and DOS is because DOS 

from band gap and DOS diagram is different. Moreover, as Table. 2 shows, 

calculating DOS does not take much computational cost because theoretically 

the most stable structures are already determined in structure relaxation 

process and initial charge density information is given by band gap 

calculation. Since the material database is focused on electronic structure of 

materials, the crucial part is the number of materials that have band gap. As 

the system becomes complicated, it is more likely to be nonmetallic and 

approximately 71% of materials have PBE band gap. All 71% materials 

should go through HSE band gap, effective mass of hole and electron and 

http://www.snumat.com/
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dielectric constant calculation and some of 29% materials that are likely to 

have small gap go into the step for HSE band gap calculation. From Table. 4, 

judging the probability of metallic material in PBE to have small HSE band 

gap from DOS is effective.  
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System  
Optimized 

structure 
DOS 

Band 

gap 

(PBE) 

HSE 

Band 

gap 

Metal 

(PBE) 

Small 

gap 

(HSE) 

Dielectric 

Effective 

mass 

m
h
 m

e
 

Unary 198 136 
47 

24.5% 
63 

3/16 

18.8% 
0 43 42 

Binary  2707 2049 
1498 

55.6% 
1750 

89/271 

32.8% 
1504 1065 955 

Ternary 2759 1749 
2391 

86.7% 
2150 

20/35 

57.1% 
1473 1783 1516 

Quaternary 317 242 
298 

94.0% 
157 

1/1 

100% 
92 181 100 

Quinary 10 9 
10 

100% 
10 

0/0 

0% 
0 0 0 

 

Table. 4 Number of materials’ information 
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3.3 Material database; SNUMAT 

 The files, we get after running the automation code, are Input files 

for each properties calculation and output files to be uploaded on the website 

www.snumat.com. Input files and output files; charge density, wave function 

and files that have information about iteration of self-consistent are saved in 

our data server. However, experimental & theoretical structure, free energy, 

band gap (PBE), Band gap (HSE ‘one shot’), Effective mass tensor of hole 

and electron and dielectric tensor information are provided in the website like 

Figure. 5 [22]. Users of the website can search materials by choosing atoms 

that should be contained in the materials, entering chemical formula or ICSD 

number and then the website provides visualization of optimized structure 

with its electronic properties. Since this website is now open to the public, 

users are able to report error or questions. Therefore, we, as mangers of the 

website, can actively examine the results of the database because we contain 

every input files of the data. Since the website can get the feedback from users, 

we can get the opportunity to develop the automation code.  

Considering Table. 2, calculating effective mass for hole and electron 

requires large computational cost and many other material databases do not 

provide effective mass of electron and hole, dielectric constant and HSE band 

gap. Material databases like Materials Project, Aflow and OQMD are provide 

structure information and electronical properties like band gap and DOS and 

http://www.snumat.com/
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they also focus on providing material information about mechanical 

properties and thermal stability of compounds. To be specific, Materials 

Project represents the information final magnetic moment, x ray diffraction, 

x ray absorption spectra, elasticity, piezoelectricity and similar structures but 

it does not provide information of antiferromagnetic properties. It assumes 

ferromagnetic materials that have magnetic moment in optimized spin 

orientation as ferromagnetic material. Aflow opens calculation setting 

(INCAR) with materials’ properties. The opened data. SNUMAT provides 

effective mass and HSE band gap that other materials databases do not 

provide. Although HSE band gap is calculated on fully optimized structures 

 

 

 

Figure. 5 SNUMNAT page for SnO [22] 
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3.4 Data validation  

Although we can get the feedback from users of SNUMAT, it is still 

important to validate the data by random selection. First of all the data is 

compared with other databace centers; Materials project (MP) and Aflow. In 

SNUMAT, the result of material is named as chemical formula and ICSD 

number. In spite of both database centers collect initial structures from ICSD, 

MP names the result with their own algorithm. However cif files provide 

atomic positions of materials and some information about space group; 

Hermann Mauguin and crystal system. From this information we can infer 

whether the material in MP is originated from same ICSD file with SNUMAT. 

Moreover, the some data is compared with sophisticated calculation in 

references. 

 

3.4.1 PBE band gap HSE ‘one shot’ band gap  

 Materials Project (MP) and SNUMAT have common ground in 

calculating band gap properties and band gap calculation step is a crucial part 

in AMP2 that determines advanced electronic properties calcualtion. However, 

MP does not consider antiferromagnetic property so GeSe and SnSe are 

selected as validation sample symmetry space group name of GeSe and SnSe 

are ‘Pnma’. Band gap values are shown in Table. 5 Since AMP2 and 

calculation package for MP are both authomation codes, reference data is 
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more plausible and, moreover, calculation setting is focused on particular 

materials that the paper dealing with.  

 

 

 

 

 

 

 

 

Table. 5 Band gap energy of GeSe and SnSe 

 

 

Figure. 6 Band gap diagram of GeSe from AMP2 

 

 

 

Name AMP
2 MP Reference [23] 

GeSe_25831 
0.742 eV 

(- 6 %) 

0.895 eV [24] 

(+ 13 %) 
0.79 eV 

SnSe_186650 
0.543 eV 

(- 7 %) 

0.562 eV [25] 

(- 3 %) 
0.582 eV 
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Band gap values of AMP2, MP and the reference are similar with in the error 

– 6 % to + 13 % compared to the reference. Moreover, in the case of 

GeSe,valance band maxium and conduction band minimum are in Γ and X 

point (Figure. 6) and this also coinside with MP and reference. 

 Since AMP2 does not fully conduct HSE band gap calculation, it is 

neccesary to validate whether a cell changes much if HSE potential is 

included in optimizing structure step. The reference is lattice parameter of 

GeSe cell when it is fully relaxed in HSE06 potential with same mixing 

parameter. Table. 6 shows that both PBE potential relaxation and HSE06 

potential relaxation results are comparable. 

 

 

 

Table. 6 Lattice parameters of GeSe 

 

 

 

 

 

HSE06 relaxation 

Lattice parameter a b c l1 

AMP2 : a (A°) 4.43 3.90 10.91 2.60 

Reference [26]: a (A°) 4.38 3.95 - 2.57 
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3.4.2 Band gap with spin orbit coupling (SOC) 

When VASP package calculates spin orbit coupling [27], it conducts 

non-collinear calculation and it is computationally expensive. As a strategy, 

we can get the optimized structures with PBE potential and calculate charge 

density for band gap diagram with this optimized structure. First Bi2Te3 and 

Bi2Se3, which are both hexagonal lattice system, are compared with the 

experiment reference and lattice parameter with and without SOC cell 

relaxation. (Table. 7) 

 

 

 

 

Table. 7 Lattice parameters of Bi2Te3 and Bi2Se3; both Bi2Te3 and Bi2Se3 

are hexagonal cell a is length of side of hexagon and c is lattice 

parameter for z direction 

 

 

 

Name  Condition a (Å) c (Å) 

Bi2Te3 Experiment[28] 4.386  30.497 

SOC relax 4.482 30.923 

wo SOC relax 4.451 31.559  

Bi2Se3 Experiment [28] 4.140 28.700 

SOC relax 4.195  29.059 

wo SOC relax 4.182 29.269 
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As shown in Table. 7, lattice parameters of calculation without SOC 

underestimates lattice parameter of a and overestimates lattice parameter of c. 

However, difference between with and without SOC calculation are within 2 % 

and both with and without SOC are comparable with experiment data. 

 Band gap with SOC which is both considered in lattice optimization 

and band gap calculation [29] is compared with band gap energy in different 

calculation condition in Table. 8 (a) AMP2 convergence setting is that all the 

calculation setting is set by the code except for SOC. (b) AMP2 is that 

optimized structure calculation without SOC and band structure calculation 

with SOC. (c) is the reference value. Comparing band gap energy ‘with SOC’, 

(b) AMP2 band gap energy of Bi2Te3 is comparable with (a) and (c). (b) AMP2 

band gap energy of Bi2Se3 is smaller than (a) and (c) value but (b) is not fully 

considering SOC and three of band gap energy values are less than 1 eV. 

Therefore, (b) AMP2 band gap value is plausible. 
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(a)AMP2 

convergence 

setting 

(b)AMP2 (c)Reference[29] 

Bi2Te3 

With 

SOC 
0.137 eV 

0.089 eV 

0.13 eV 

Without 

SOC 
0.426 eV 0.25 eV 

Bi2Se3 

With 

SOC 
0.190 eV 

0.104 eV 

0.30 eV 

Without 

SOC 
0.336 eV 0.20 eV 

Table. 8 Band gap energy of Bi2Te3 and Bi2Se3. 

 

 

 

 Moreover, although Figure. 7-1 only does the non collinear SOC 

calculation for charge density and wave function calculation from optimized 

structure without SOC, Figure. 7-1 (a) and (b) show the degeneracy and band 

gap opening in Γ and k point between K and F, compared to Figure. 7-2. 

 

 



 

 

 

 

 

４１ 

 

 

Figure. 7-1 Optimizing structure without spin orbit coupling (SOC) and 

calculation of band structure with SOC (a) Band gap diagram of Bi2Te3; 

0.089 eV, Indirect band gap (b) Band gap diagram of  Bi2Se3; 0.104 eV, 

Direct band gap 

 

 

Figure. 7-2 Optimizing structure and calculation of band structure with 

SOC (Red) and without SOC (Black) (a) Band gap diagram of Bi2Te3 

with SOC; 0.137eV and without SOC; 0.426eV (b) Band gap diagram of 

Bi2Se3 with SOC; 0.190eV and without SOC; 0.336eV 

 

En
er

gy
 (e

V)
 

(a) (b) 

(a) (b) 

En
er

gy
 (e

V)
 



 

 

 

 

 

４２ 

3.5 Future works 

3.5.1 High pressure or temperature materials 

During the structure optimization process materials go through 

volume changes. It is certain a material’ volume changes because this 

structure are experimentally identified one. In Figure. 8, about 82 percent out 

of 5991 materials’ volume changes are in ±10 % and other materials. Volume 

change (∆V) is determined as follows; 

∆V = (𝑉𝑉𝑥𝑥𝑚𝑚𝑐𝑐 − 𝑉𝑉𝑒𝑒𝑥𝑥𝑒𝑒)/𝑉𝑉𝑒𝑒𝑥𝑥𝑒𝑒                  (3.1) 

Among 18 percent of materials that expend or contract more than 10 percent, 

some of materials are notified in cif files that they are synthesized in 

extremely high pressure or temperature. However, not all materials’ CIF files 

include pressure and temperature information. Table. 9 represents the number 

of materials that have volume change more than ± 10 percent and are 

identified in high temperature. Only 5 percent out of total materials represents 

volume change because they are synthesized in high pressure condition. 

Although 5 percent is negligible value, regarding this material database 

provides sophisticated electronic structures of materials, materials in high 

pressure condition should be calculated in isotropic pressure condition.[30] 

To be specific, high pressure materials can have its own properties since the 

atoms’ orbitals overlap. Other material databases, like Materials Project, cope 

with this dilemma by notifying warning sign of abnormal volume change. 
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Figure. 8 Histogram of the difference between computed (GGA) and 

experimental volume for ICSD compounds 

 

 

Table. 9 The number of materials that change their volume more than 

10 % and that is synthesized in high pressure or temperature. 
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3.5.2 Materials map with electronic properties 

As most of other material database, SNUMAT also displays the 

materials vertically aligning materials’ ID when a user runs its search engine. 

However, this method cannot give deep insight about materials’ properties so 

it is important to represent the material map or related materials that shows 

correlation of materials and their properties. Figure. 9 represents the number 

of metal, semiconductor and insulator according to the anion that the 

materials contain. Crystals’ anions are determined by the oxidation number 

provided in cif files. However, in the case of ternary, quaternary or quinary, 

the systems can have more than one anion so the atom that has the highest 

electron negativity are selected as the anion. The diagram shows that many of 

materials have oxygen as the anion and the anion in the materials that is most 

likely to have band gap is also oxygen. It visualizes the well-known fact that 

oxide materials are likely to have band gaps. However it is important to give 

users the intuition of materials  
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Figure. 9 The number of materials classified by anion 
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4. Conclusion 

To summarize, we introduced material database using automation 

code AMP2 and provides the band structure, band gap, effective mass, density 

of states and dielectric constant that are highly reliable. Although there are 

several databases that provide theoretical properties for most inorganic 

materials present in ICSD, our database has an advantage on sophisticated 

calculation setting and diverse material systems. Moreover, this database 

provides effective mass of holes and electron, dielectric constant and band 

gap energy using HSE option which are usually requires large computational 

power. We find the work flow that can give consistence results and provide 

material database to the public to get the active feedback from the users. This 

material database would be utilized for material discovery and providing 

reliable data sets for prediction of material properties. 
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국문초록 

 

 

최근 재료 발견을 위한 새로운 방법론으로 오픈 소스 

데이터베이스의 중요성이 높아지고 있다. 본 연구에서는 밴드갭, 

전자와 정공의 유효질량, 상태 밀도 및 유전 상수와 같은 물질의 

전자기적 성질에 대한 정교한 제일원리계산 결과를 제공하는 

자동화 코드 AMP2를 사용하여 재료 데이터베이스를 구축하였다. 

ICSD서 제공하는 무기 재료의 구조정보를 이용 하여 이론적 

특성을 계산하여 공개하는 여러 물질 데이터베이스가 있지만, 본 

데이터베이스는 다양한 결정 구조의 이론적 특성을 제공하며, 큰 

계산력을 필요로 하는 정공 및 전자의 유효질량, 유전 상수 및 

HSE 밴드 갭 에너지를 제공한다는 이점을 가지고 있다. 또한 

일관성 있는 결과를 웹사이트를 통해 대중에게 공개하고 이를 

통해 사용자에게 자동화 코드와 데이터에 관한 적극적인 피드백을 

받을 수 있다. 결론적으로 이 재료 데이터베이스는 재료 발견 및 

재료 특성 예측을 위한 신뢰할 수 있는 데이터를 제공하는 데 

도움을 줄 것으로 예상된다. 
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