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Abstract 
 

A first-principle study using density functional theory (DFT) and Boltzmann transport was conducted to evaluate the 

thermoelectric (TE) properties of an Fe-based full-Heusler alloy. The compound studied is Fe2CuSi with a Cu2MnAl-

type structure. The electronic properties of Fe2CuSi were obtained using DFT calculations by running the Quantum 

ESPRESSO (QE) package. By contrast, TE properties, including electron thermal conductivity, electric conductivity, 

and Seebeck coefficient, were computed using a semi-empirical Boltzmann transport model solved through the 

BoltzTraP software at 50–1,500 K temperature range. The spin-orbit coupling effect on these properties was also 

evaluated, demonstrating notable effects on the results. Multiple electronic bands crossing the Fermi level for both 

spin directions were confirmed by the density of state curve, indicating the metallic behavior of Fe2CuSi. The 

magnitude of the figure of merit was determined by the Seebeck coefficient, electric conductivity, and electron thermal 

conductivity. In this study, the maximum dimensionless figure of merit was 0.027, reached at 1,000 K for the spin-

down channel. 
 

Keywords: density functional theory (DFT), electrical conductivity, Seebeck coefficient, thermal conductivity, thermoe-

lectric 
 

 
 

Introduction 
 

Although Cu, Mn, and Al showed no magnetism at 

room temperature in 1903, Heusler compounds have 

been known since Friedrich Heusler announced the 

discovery of ferromagnetic properties of Cu2MnAl at 

room temperature [1]. In recent years, the Heusler com-

pound family has gained considerable interest from the 

scientific community, emerging as a focal point of re-

search in material science and condensed matter physics 

due to their unique electronic and magnetic properties 

[2, 3]. Furthermore, Heusler compounds introduce an 

extensive field for distinctive arrangements due to their 

tunable materials and broad range of designs [4]. As one 

of the most prominent families of Heusler alloys, a full-

Heusler has a chemical arrangement of X2YZ, where 

transition metals occupy X and Y, and the main group 

element occupies Z. This alloy commonly exhibits 

faced-centered cubic crystal structure. According to 

how atoms occupy the four Wyckoff positions, two 

types of full-Heusler structures are available. The 

Cu2MnAl-type structure is also called the L21-type with 

space group (No. 225), and the Hg2CuTi-type structure 

is also known as the XA-type with space group (No. 

216). In the L21 structure, X atoms occupy the 8c (¼, 

¼, ¼) site, whereas the Y and Z atoms occupy the 4b (½, 

½, ½) and 4a (0, 0, 0) sites, respectively. By contrast, in 

the XA structure, the X and Z atoms occupy the 4d (¾, 

¾, ¾) and 4a (0, 0, 0) sites, respectively, and the X’ at-

oms occupy the 4b (½, ½, ½) site [3]. 
 

Considering its high tuning capability, theoretical and 

experimental research on its full-Heusler properties, 

such as electronic, magnetic, optic, and thermoelectric 

properties, have been extensively conducted. Each 

property of full- Heusler compounds allows for its ap-

plication in some technology, such as shape memory 

materials, spintronics, and thermoelectric devices [2–

5]. This study, focused on electronic and thermoelectric 

properties because the properties of the material have 

attracted considerable interest from researchers to find 

suitable materials for thermoelectric power and 

spintronics applications. The material is first designed 

and simulated computationally and theoretically using 
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the density functional theory (DFT) method before its 

synthesis to obtain the desired full-Heusler material 

with a suitable property for any application. The most 

crucial parameter to determine the performance of a 

thermoelectric device is the dimensionless figure of 

merit, ZT, which is expressed as [3 , 6]. 
 

𝑍𝑇 =
𝑆2𝜎𝜏

𝐾
   (1) 

 

where S, T, σ, and k are the Seebeck coefficient, temper-

ature, electrical conductivity, and thermal conductivity, 

respectively; 𝐾 = 𝐾𝑒 + 𝐾𝑙 with 𝐾𝑒  and 𝐾𝑙 are the 

electronic and lattice thermal conductivities, respec-

tively [6]. According to the above equation, the Seebeck 

coefficient, electrical conductivity, and thermal conduc-

tivity will determine the value of the figure of merit. A 

high Seebeck coefficient and electrical conductivity are 

required to maximize the ZT. By contrast, thermal con-

ductivity must be low [7]. Several researchers have con-

ducted investigations to find materials with these char-

acteristics. Balke et al. found that the ZT max of 

Co2MnSi is 0.039, obtained at temperatures above 900 

K [8]. Barth et al. [9] revealed that the ZT max value is 

higher than that of Co2TiSn (0.033 at 370–400 K), Mon-

dal et al. [10] found ZT max values of the semi-metallic 

full-Heusler compound (0.0052 at 300 K for Ru2NbAl) 

and Ramachandran et al. obtained a value of 0.0027 at 

300 K for Ru2VAl0.25Ga0.75 [11]. 
 

Thermoelectric power generation has been explored as 

an environmental technology, but certain prominent 

thermoelectric materials incorporate rare, expensive, 

and environmentally hazardous elements. Fe-based full-

Heusler alloys have received considerable attention be-

cause they are eco-friendly, earth-abundant, and inex-

pensive [12]. Hanada et al. found excellent thermoelec-

tric properties in the Fe2VAl compound, revealing the 

first Fe-based full-Heusler with a 0.2 ZT value [13]. 

Their work motivated other researchers to find Fe-based 

full-Heusler thermoelectric materials. The reported 

work on the first-principle of Fe-based Heusler alloys, 

namely Fe2TiSn and Fe2TiSi, which were obtained from 

DFT calculations within the generalized gradient ap-

proximation (GGA), reached the ZT values of 0.6 when 

the k value was less than 3.0 Wm-1K-1 with the electron 

carrier concentration of 4.0 x 1020 cm3. These ZT values 

are substantially higher than 0.2 in previously reported 

Fe2VAl-based alloys [14]. Another study reported that 

the transport calculations of Fe2+xV1−xAl based on the 

Boltzmann theory yield high values (up to 0.75) of ZT, 

reached when x = 0.25 and x = 0.50 [15]. Meanwhile, 

the first-principle calculation on Fe2MnSi using the ap-

proximation methods GGA + U shows that ZT is line-

arly proportional to the temperature, revealing a notable 

increase in value from 9.15472 × 10−4 at 100 K to 9.16 

× 10−2 at 800 K [6]. Reports on the Fe2CuSi compound 

are currently unavailable. The information on the first-

principle calculations of the thermoelectric of Fe2CuSi 

may be necessary for the following experimental activ-

ities to consider their research goal. Previous work 

showed the Fe2CuSi has dynamic stability with a stable 

structure that of L21 [16]. 
 

Research on he first-principle of Fe2CuSi aims to obtain 

thermoelectric properties, including the electrical con-

ductivity, electronic thermal conductivity, and the See-

beck coefficient, which were computed using a Boltz-

mann semi-empirical transport model solved through the 

BoltzTraP software at the temperature range of 50–1,500 

K. Iron has abundant, eco-friendly and inexpensive char-

acteristics. The composition of Fe2CuSi may be neces-

sary for any application, such as shape memory materials, 

spintronics, and thermoelectric devices. 

Methods 

The calculations used a methodology based on DFT cal-

culations and Boltzmann transport theory. The DFT cal-

culation was initially employed to optimize the structure 

of the Fe2CuSi material by operating the QE collection, 

and the electron transport properties, including Seebeck 

coefficient, electrical conductivity, and electronic ther-

mal conductivity, were calculated using the semi-classi-

cal Boltzmann transport approach implemented in the 

BoltzTraP package [17]. DFT is a quantum mechanical 

approach to matter based on the Kohn-Sham equation 

(the mathematical equation of Schrodinger) as an energy-

searching method using charge density [18]. Among re-

searchers, Quantum ESPRESSO is useful for electronic-

structure calculations and material modeling based on 

DFT, plane waves, and pseudopotentials [19]. Simulta-

neously, BoltzTraP software is used to calculate the ther-

moelectric properties of the material. This program cal-

culates the smoothed Fourier expression of the periodic 

function and semi-classical transport coefficients for an 

extended system using the linearized Boltzmann 

transport equation [20]. Thermoelectric criteria were cal-

culated with a constant relaxation time estimation τ = 

10−14 s, commonly used in similar calculations [6]. The 

wave function kinetic energy cutoff was set to 75 Ry for 

all calculations. 
 

Therefore, in this work, the atomic positions of Fe, Cu, 

and Si correspond to the atomic positions of Cu, Mn, 

and Al for the Cu2MnAl structure, respectively. The 8c 

(¼, ¼, ¼) site is occupied by Fe atoms, whereas the 4b 

(½, ½, ½) and 4a (0, 0, 0) sites are occupied by Cu and 

Si atoms, respectively. This finding is consistent with 

Gu et al., in which the ground-state of Fe2CuSi was 

found at an L21-type structure with a ferromagnetic 

configuration and a lattice constant of 5.578 Ǻ. Figure 

1 shows XCrySDen visualization of the crystal structure 

of Fe2CuSi with the aforementioned atomic positions. 

This structure was obtained through self-consistent field 

(SCF) calculation on a k-point grid mesh. Electronic 
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properties, including band structure and density of state 

(DOS) for the system, were calculated through the SCF 

calculation with a 121212 k-point grid mesh. Instead, 

the k-point grid mesh was densed into 202020 to obtain 

a precise chemical potential value in the NSCF calcula-

tion. Meanwhile, a smooth band structure was acquired 

with the NSCF calculation on the k-point grid mesh and 

20 k-points along the k-path. The convergence thresh-

old is 1 × 10-6 for calculations of SCF, NSCF, and 

bands. 
 

 
(a) 

 
(b) 

 

Figure 1. (a) Conventional Unit Cell and (b) Primitive Unit 

Cell of Fe2CuSi 
 

Results and Discussion 

Electronic properties. The electronic properties of 

the full-Heusler compound Fe2CuSi were investigated. 

The examination was based on the established ground 

state structure and the equilibrium lattice. The ground-

state structure demonstrates the lowest energy state of 

the compound at absolute zero temperature. The lattice 

parameters at the equilibrium state, are called 

equilibrium lattices, in which the forces within the 

crystal are balanced. These ground-state structures and 

equilibrium lattices are crucial for understanding the 

fundamental electronic properties of the material. The 

spin-polarized band structures were computed and 

displayed in Figure 2. As shown in the figure, the Fermi 

energy was shifted to 0 eV. Notably, It can be seen that 

only the electronic band structures around the Fermi 

level have been displayed. The band structure curve in 

Figure 2 reveals multiple electronic bands crossing the 

Fermi level in both spin directions, exibithing the 

metallic behavior of Fe2CuSi in the Cu2MnAl-type 

structure, which is substantially close to the 

computational result reported by Gu et. al [16]. 

Previous research found differences in this band 

structure pattern due to variations in band path 

selection. In this study, the band path selection is Γ, X, 

W, K, and Γ. By contrast, Gu et al. chose the band path 

selections W, L, X, W, and K. The DOS curve in Figure 

3 verified the band structure results; an energy band gap 

is absent, contributing to the metallic features of these 

compounds [6, 16]. 
 

Thermal and electrical conductivity. The electron 

thermal conductivity, electrical conductivity, and 

Seebeck coefficient measurements are obtained by 

inputting the results of electronic structure calculations 

by QE into the BoltzTraP package. A Fourier expansion 

scheme was used in the BoltzTraP package to cohere 

the electronic structure for transport property 

calculations [21]. The electronic transport behaviors 

were placed in a temperature range of 50 K to 1,500 K. 

Figure 4 shows the temperature-dependent electron 

thermal conductivity of the Fe2CuSi system for spin-up 

and spin-down channels 
 

The value of 
𝐾𝑒

𝜏
 for the spin-up and spin-down channels 

increases with the temperature. Thermal conductivity 

shows that thermal energy in motion can traverse the 

material under a temperature gradient. 𝐾 comprises the 

following of two contributions: the electron and lattice 

parts (𝐾 = 𝐾𝑒 + 𝐾𝑙). BoltzTraP still focuses on 

calculating electronic thermal conductivity and only 

indirectly calculates lattice thermal conductivity. 

Electric current and heat transfer in metals are primarily 

carried by electrons. Therefore, the conductivities of 

metals depend on the number of free electrons that are 

available to flow through the metal. As displayed in 

Figure 4, the dependence of electron thermal 

conductivity on temperature represents the metallic 

properties; the increasing temperature raises the number 

of charge carriers (electrons) [22]. Figure 4 shows the 

linear dependence of electron thermal conductivity for 

the spin-down channel on the temperature across all 

temperature ranges of 50 K–1,500 K, while that for the 

spin-up channel on temperature occurs in the 

temperature range of 50 K- 500 K; afterward, the 

thermal conductivity rapidly increases until 1,500 t The 

value of 
𝐾𝑒

𝜏
 for the spin-down channel is smaller than 

the spin-up one at the temperature of 500 K until 1,500 

K. 
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(a) (b) 

 

Figure 2. Band Structure of Fe2CuSi (Fm3m): (a) Spin-Up Channel and (b) Spin-Down Channel 

 

 
 

Figure 3. Spin-Dependent Total Density of States or DOS of Fe2CuSi (Fm3m) 

 

 
 

Figure 4. Temperature-Dependent Electron Thermal Conductivity (
𝐾𝑒

𝜏
) of Fe2CuSi (Fm3m)) 
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Figure 5. Temperature-Dependent Electrical Conductivity (
𝜎

𝜏
) of Fe2CuSi (Fm3m) 

 

 
 

Figure 6. Temperature-Dependent Seebeck Coefficient (S) of Fe2CuSi (Fm3m) 

 

 
 

Figure 7. Temperature-Dependent Figure of Merit (ZT) of Fe2CuSi (Fm3m) 
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Figure 8. Temperature-Dependent Total Figure of Merit (ZT) of Fe2CuSi (Fm3m) 

 

Figure 5 shows the temperature-dependent electrical 

conductivity (𝜎) per relaxation time τ. The value of 
𝜎

𝜏
 

for the spin-up channel of Fe2CuSi increases with 

temperature. By contrast, the value of 
𝜎

𝜏
 for the spin-

down channel decreases as the temperature increases. 

These results indicate that even in high-temperature 

regimes, both systems  demonstrate electric values with 

excellent conductivity. The values of 
𝜎

𝜏
 for the spin-

down channel are higher than those for the spin-up 

channel at temperatures 50 K- 1,000 K, while those for 

the spin-up channel are higher than those for the spin-

down channel at temperatures above 1,000 K until 

1,500 K 
 

Seebeck coefficient and figure of merit. The Seebeck 

coefficient measures the response of a material to a 

temperature gradient in terms of electric voltage 

generation. This coefficient directly involves the 

distribution of electrons near the Fermi level. The 

energy distribution of electrons near the Fermi level 

strongly influences the Seebeck coefficient (Figure 6). 

The calculation results show a different trend for spin-

up channels than other ones. S increases from 50 K for 

the spin-up channel, forming a valley around 350 K, and 

then decreases to establish a peak at 700 K and then 

increases again until 1,500 K. By contrast, for the spin-

down channel, S continuously increases from 50 K, 

forming a valley around 1,050 K, and then decreases 

until 1,500 K. Notably, S is negative for both curves in 

the entire temperature range, which proposes the 

electrons as the major charge carriers [6]. The 

maximum values of S for the spin-up and spin-down 

channels are -9.47 and -25 μVK-1  at 1,500 and 1,050 K, 

respectively. The Seebeck coefficient value of the spin-

down channel is 2.6 times higher than that of the spin-

up one. These results also agree with the previous study, 

where the contribution of S from the spin-down channel 

is almost two factors more significant than the one from 

the spin-up channel [23]. Patel et al. also reported that 

the Seebeck coefficient for the spin-down channel was 

higher than that for the spin-up, revealing Seebeck 

coefficient values of -36 and 180 μVK-1 for the spin-up 

and spin-down channels, respectively, at room 

temperature (300 K) [24]. 
 

Figure 7 shows the temperature-dependent figure of 

merit (ZT) of Fe2CuSi. ZT values are obtained by 

inputting the Seebeck coefficient (S), electron thermal 

conductivity (
𝐾𝑒

𝜏
), and electrical conductivity (

𝜎

𝜏
) at each 

temperature from 50 K to 1,500 K into Equation 1. The 
𝜎

𝜏
 values of the spin-down channel are higher than those 

of the spin-up channel at temperatures 50 K–1,000 K. 

Meanwhile, the value of the κe spin-down channel is 

smaller than the spin-up channel at a temperature of 400 

K until 1,500 K, indicating that the ZT values of the 

spin-down channel are higher than those of the spin-up 

channel. The ZT value of the spin-down channel 

increases with temperature from 9.40 × 10-5 at 50 K to 

0.027 at 1,000 K and decreases after 1,000 K. Maximum 

ZT of around 0.027 is reached at 1,000 K. Elkrimi et al. 

reported a similar result for the Fe2MnSi compound, in 

which ZT  increases with temperature, revealing a 

substantial increase in value from 9.15472 × 10 −4 at 100 

K to 9.16 × 10−2 at 800 K. The ZT total was also 

calculated using the equation below [25]. 
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𝑍𝑇𝑡𝑜𝑡𝑎𝑙 =
𝜎𝑡𝑜𝑡𝑎𝑙𝑆𝑡𝑜𝑡𝑎𝑙

2 𝑇

𝐾𝑡𝑜𝑡𝑎𝑙
  (2) 

 

 

where 

 

𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎↑ + 𝜎↓  (3) 
 

𝐾𝑡𝑜𝑡𝑎𝑙 = 𝐾↑ + 𝐾↓  (4) 
 

and 

 

𝑆𝑡𝑜𝑡𝑎𝑙 =
𝜎↑𝜎𝑆↑+𝜎↓𝑆↓

𝜎↑+𝜎↓
  (5) 

 

Figure 8 shows the ZT total of the system for all 

temperatures from 50 K to 1,500 K. The contribution of 

the Seebeck coefficient (S) from the spin-down channel 

is higher than S from the spin-up channel. Similarly, the 

ZT of the spin-down channel provides an additional 

contribution to the ZT total. The maximum ZT total is 

0.01, which was reached at 1,500 K. 

Conclusion 

The thermoelectric properties of full-Heusler compound 

Fe2CuSi were investigated based on the first principle 

DFT. The structural optimization yielded a stable 

structure, and Fe2CuSi was regular in the Cu2MnAl 

structure. Electronic properties from the band structure 

and DOS were calculated, revealing the metallic features 

of the material. The thermoelectric properties of the 

compound were calculated using DFT and the Boltzmann 

transport model. The results revealed that spin-dependent 

thermoelectric properties include electron thermal 

conductivity, electrical conductivity, and the Seebeck 

coefficient. For calculated temperatures from 50 K to 

1,500 K, S was negative with a maximum value of - 9.47 

μVK-1 at 1,500 K for the spin-up channel and - 25 μVK-1 

at 1,050 K for the spin-down channel, which proposes the 

electrons as the major charge carriers. The maximum ZT 

of around 0.027 was reached at 1,000 K for the spin-

down channel, which provides additional contributions to 

the ZT total with a maximum ZT total of 0.01 at a 

temperature 1,500 K. 
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