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Abstract: Thermoelectric materials have been expected as a critical underlying technology for
developing an autonomous power generation system driven at near room temperature. For this
sake, Fe3Al,Si3 intermetallic compound is a promising candidate, though its high lattice thermal
conductivity is a bottleneck toward practical applications. Herein, we have performed the first-
principles calculations to clarify the microscopic mechanism of thermal transport and establish
effective ways to reduce the lattice thermal conductivity of Fe3Al,Si3. Our calculations show that
the lowest-lying optical mode has a significant contribution from Al atom vibration. It should
correspond to large thermal displacements Al atoms. However, these behaviors do not directly cause
an increase of the 3-phonon scattering rate. The calculated lattice thermal conductivity shows a
typical temperature dependence and moderate magnitude. From the calculated thermal conductivity
spectrum and cumulative thermal conductivity, we can see that there is much room to reduce the
lattice thermal conductivity. We can expect that heavy-element doping on Al site and controlling
fine microstructure are effective strategies to decrease the lattice thermal conductivity. This work
suggests useful information to manipulate the thermal transport of Fe3Al,Si3, which will make this
material closer to practical use.

Keywords: thermoelectric materials; first-principles calculations; lattice thermal conductivity

1. Introduction

Thermoelectric power generation (TEG) through the direct conversion of waste heat
into electrical energy can contribute to a sustainable society when its efficiency dramatically
improves. Recently, TEG has been attracting particular attention as one of the key technolo-
gies to establish an autonomous power supply system capable of driving internet-of-things
(IoT) devices. To realize the extensive application of TEG contributing to the age of IoT
called “Trillion Sensors Universe,” it is desired to search for low-cost, earth-abundant, and
environmentally benign thermoelectric materials which can be used as an alternative of
presently commercially used Bi-Te based materials [1].

The conversion efficiency of a thermoelectric material depends on the dimensionless
figure-of-merit, ZT = S20T/x, where S, 0, k, and T are the Seebeck coefficient, electrical
conductivity, total thermal conductivity, and absolute temperature, respectively. x can
be considered as the sum of two portions: the electronic (k) and lattice (xpp) thermal
conductivity. Recently, an Fe-Al-Si ternary intermetallic compound Fe;Al,Si3 has been
considered as a promising candidate of a novel practical thermoelectric material for low-
temperature applications [2-7]. Although the ZT value of Fe3Al;Si3 is much lower than
any other practical thermoelectric materials, it has some significant advantages: (1) low-
cost and non-toxic, (2) high chemical and thermal stabilities, (3) an excellent oxidation
resistance, and (4) a good balance of mechanical properties [6,7]. Besides, recent efforts
utilizing machine-learning to optimize power factor, S?c, gave a significant enhancement
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of n-type value (~40%) [4]. A further improvement of power factor was recently achieved
by alternating sample preparation processes [7]. A TEG module fabrication based on
Fe3Al,Si3 materials and its demonstration to drive IoT devices has already been launched
in a collaborative research group between industry, government, and academia [7].

To further improve the thermoelectric performance of FezAl,Si; toward practical
applications, we need to reduce the lattice thermal conductivity. The lattice thermal
conductivity of undoped Fe3Al;Sis is 5-6 W m~! K~1 at room temperature [2,3]. Shiota
et al. reported a significant reduction to 3.5-4.5 W m~! K~! by Co doping on Fe site [5].
These values are relatively low compared to some other Fe-based thermoelectric materials
with simple crystal structures, such as 3-FeSi, (12-16 W m~1 K1 at 300 K) [8,9], Fe, VAl
(25-28 Wm~! K1 at 300 K) [10,11], and tetragonal FeAl, (13 W m~! K~ at 300 K) [12,13].
However, it is necessary to further reduce the lattice thermal conductivity of Fe3Al,Sis3-
based materials considering practical use. It will be effective to establish a strategy based
on a microscopic view with computational approaches. Hou et al. reported a calculation
of phonon dispersion [4], but a detailed understanding of lattice dynamics and thermal
transport behavior still remains unclear.

This study focuses on revealing the lattice dynamics and thermal transport mecha-
nism of Fe3Al,Si3 and extracting effective ways to reduce its lattice thermal conductivity
based on first-principles calculations. From density functional theory (DFT)-based phonon
calculations, we have identified a low-energy optical mode lying near acoustic modes
which has a dominant contribution from Al atom vibration. However, it does not signif-
icantly affect the 3-phonon scattering rate though it reduces the phonon group velocity
of acoustic modes near the zone boundary via an avoided-crossing effect. The calculated
thermal conductivity spectrum and cumulative thermal conductivity give us a strategy that
heavy-element doping on Al site and microstructure control with a length scale smaller
than 500 nm effectively reduce the lattice thermal conductivity.

2. Computational Method

The Fe;AL,Si3 phase crystallizes in a triclinic structure with space group P1. The
crystal structure visualized by VESTA 3 (ver. 3.5.7) [14,15] is shown in Figure S1. The
crystallographic parameters of initial structure were extracted from Reference [16]. We
performed first-principles calculations based on DFT. The Quantum Espresso (QE) package
(ver. 6.6) [17,18] with projector-augmented wave pseudopotentials [19,20] was used as
a DFT engine. The generalized gradient approximation functional with Perdew—Burke-
Ernzerhof parametrization (GGA-PBE) [21] was employed for the exchange and correlation
potentials. A k-point grid of 7 x 5 x 5 for the primitive cell and an energy cutoff of
60 Ry were used for relaxation of the crystal structure and following self-consistent field
calculations.

To extract the second and third order interatomic force constants (IFC) of Fe3Al,Si3,
we used finite difference method with a 2 x 2 x 2 supercell containing 128 atoms based
on the fully relaxed primitive cell to create displacement-force datasets. The magnitude
of atomic displacements was set at 0.01 A and 0.04 A for calculating the second and third
order IFCs, respectively. For the third order IFC calculation, we chose the cutoff radius as
13.8 A for choosing triplets within which interaction is considered. A finite-temperature
effect on harmonic phonon frequency [22,23] was not considered in this work because
Fe3Al;Siz has nor phase transitions and unusually enhanced anharmonicity, as described
later. The IFCs were obtained using ALAMODE (ver. 1.1.0) [24,25] code, which is a package
designed for analyzing lattice anharmonicity and lattice thermal conductivity of solids. The
phonon dispersion relation and density of states (DOS) were calculated from the second
order IFC. The sampling grid used for summation was 15 x 10 x 9. Dielectric constant
and Born effective charge were calculated in the perturbation framework implemented in
QE package. The anharmonic phonon linewidth and scattering rate are computed from the
third order IFC by ALAMODE and then used to calculate the lattice thermal conductivity
by solving phonon Boltzmann transport equation within the single mode relaxation time
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approximation. The sampling grid 15 x 10 x 9 was applied after confirming convergence
of the calculated lattice thermal conductivity with respect to the grid density.

3. Results and Discussion

Hou et al. recently reported that GGA-PBE functional reproduces the experimental
lattice parameters of Fe3Al,Si3 better than PBEsol and SCAN functionals [26]. Moreover,
the calculated bulk modulus, Young’s modulus, shear modulus, and Poisson’s ratio were
in good agreement with the experimental ones with GGA-PBE functional [26]. Thus, we
applied GGA-PBE functional for an evaluation of lattice dynamics of Fe3 Al,Si3 in this study.
The optimized lattice parameters of Fe3Al,Si3 together with some previous calculated and
experimental reports are listed in Table 1. Our calculation using QE package reproduces
Reference [26] within 1% and is in good agreement with the experimental data.

Table 1. Calculated lattice parameters (a, b, and c in A, and «, B, and v in degree) of optimized
structure of Fe3Al,Si3 [26]. Experimental ones [4,16,27] are also listed for comparison.

Calculated Experimental
Parameter :
]ESIES SPt]‘;g)y R(;f;rselr)l CI:eB[]25)6] Reference [4] Reference [16] Reference [27]
a 4.6011 4.6032 4.5995 4.684 4.6512
b 6.3244 6.3256 6.3352 6.325 6.3261
c 7.4578 7.4594 7.521 7.498 7.499
% 101.91 101.90 101.827 100.99 101.375
B 106.78 106.79 106.427 105.6 105.923
Y 100.59 100.59 100.729 101.62 101.237

Figure 1 shows the calculated phonon dispersion curve together with the phonon DOS
of Fe3Al,Si3. The curve consists of three acoustic and 45 optical branches. We included the
non-analytical term correction to dynamical matrix by calculating dielectric constant and
BEC. As a result, we observed longitudinal optical-transverse optical (LO-TO) splitting
near the zone center induced by long-range Coulomb interaction. The atomic decomposed
partial DOS has many peaks in wide frequency range due to the wide variety of bond
length and corresponding second order IFC. Figure 2 shows the total and site-decomposed
phonon DOS of Fe3Al,Sis. The label of each crystallographic sites corresponds to the
visualization of crystal structure shown in Figure S1. It is remarkable that the lowest-lying
optical (LLO) mode, which is observed at about 3.8 THz at the zone center, has large
contribution from the lightest Al-atom vibration. As shown in Figure 2b, both of All and
Al2 site have significant contribution to the LLO mode though Al2 site exhibits twice higher
peak. In the mid- and high-frequency region, All and Al2 sites have separate peaks. As
compared to Al-sites, three Fe-sites have peaks at similar frequency region, as shown in
Figure 2c. The highest dispersive optical mode has a large contribution from Sil site, as
shown in Figure 2d. These behaviors were also reported by Hou et al. [4] The LLO and
acoustic modes show avoided-crossing behavior in some directions, such as I'-Y, I'-Z, I'-U.
This kind of avoided-crossing has been observed in some cage-like materials, such as filled
Skutterudites [28,29] and clathrates [30-32], with strongly anharmonic lattice vibration,
so-called rattling. The avoided-crossing typically causes a significant softening of acoustic
modes and results in a reduced phonon group velocity near the zone boundary. Besides,
coexistence of the LLO and acoustic modes in similar energy region enhances interaction
between acoustic and optical modes and increases 3-phonon scattering rates. Thus, these
features observed in FezAl,Siz could play a significant role in thermal transport behavior.
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Figure 1. Phonon dispersion curve and phonon density of states (DOS) of Fe3Al,Si3.
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Figure 2. (a) Total phonon DOS and site-decomposed partial phonon DOS for (b) Al-, (c) Fe-, and (d)
Si-sites, respectively.

Figure 3 shows the temperature dependence of calculated mean square displacement
(MSD) of each crystallographic site. We can clearly observe that the magnitude of Al2 site
in the z-direction is much larger than the other sites and directions. This corresponds to
that the flat LLO mode has largest contribution from Al2 site. Besides, the magnitude of
displacement eigenvector of the LLO mode is the largest for Al2 site in the z-direction.
A low potential barrier surrounding Al2 atom, which can be derived from soft bonding
environment, should cause these features. There are some previous reports on large MSD
of guest atom in the cage-like materials which exhibit large anharmonicity and low lattice
thermal conductivity. We should note that the large displacement itself does not necessarily
correspond to large phonon anharmonicity.
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Figure 3. Temperature dependence of atomic mean square displacement for (a) Al-, (b) Fe-, and (c)
Si-sites, respectively.

Figure 4a shows the phonon group velocity of all branches. The magnitude of group
velocity rapidly drops at around 4 THz, which can be attributed to the softening of acoustic
mode coming from avoided-crossing. However, higher group velocity of optical modes
than acoustic modes are also observed at around 4 THz, which comes from some dispersive
branches such as I'-Y region. Thus, the optical modes should have non-negligible effect on
thermal transport in Fe3 Al,Sis.
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Figure 4. (a) Phonon group velocity, (b) mode Griineisen parameter, and 3-phonon scattering phase
space at 300 K for (c) absorption and (d) emission processes, respectively.

Figure 4b shows the mode Griineisen parameter, which estimates lattice anharmonicity.
Some low thermal conductivity materials with large anharmonicity, such as PbTe, exhibit
large (>10) mode Griineisen parameter at around zone-center [33,34]. On the other hand,
Fe3 Al;Si3 exhibits relatively small mode Griineisen parameter at overall frequency region.
Thus, the flat LLO mode mentioned above does not have a distinctive anharmonic feature
unlike resonant mode observed with rattling. Figure 4c,d shows the 3-phonon scattering
phase space (SPS) at 300 K for absorption and emission processes, respectively. The SPS is
given as

1 n.n —n.
+ = — q q — ’ "
Wq N 17%/{ g + g +1 }(S(wq “q iwq ) M)

where Wq+ and W~ are the SPS corresponding to absorption and emission processes of
phonon mode g, respectively. Here, the variable g is defined by g = (g, j) and —q = (—¢q, j)
where g and j are the wave vector and the branch index of phonon modes. 1, is the Bose-
Einstein distribution function. The SPS estimates the amount of 3-phonon scattering
channel satisfying energy and momentum conservation and is roughly proportional to the
scattering rate. The SPS for absorption process has a broad peak at around 4 THz, which
can be considered as an increase of interaction between acoustic and optical modes. On
the other hand, we can observe no characteristic feature in the low-frequency range for
emission process. Overall, FezAl,Sij3 is not a highly anharmonic crystal which shows high
phonon scattering rate despite its soft bonding environment of Al atom.

Figure 5 shows the calculated lattice thermal conductivity considering only 3-phonon
scattering processes in each crystallographic direction (xx, yy, and zz). The values of
10 Wm ™! K ! in yy and zz directions and 9 W m~! K~! in xx direction at 300 K are
relatively high compared to practical thermoelectric materials [35]. The temperature
dependence shows a typical decay behavior, xpp, T-!. Three experimental values of
stoichiometric and non-stoichiometric polycrystalline samples from References [2,3] are
also shown in Figure 5. All the experimental values significantly deviate from the calculated
results. Because the experimental values are extracted from the polycrystalline samples,
grain boundary should have significant effect on the lattice thermal conductivity mainly
at low temperature region. Besides, point defect scattering also should reduce the lattice
thermal conductivity. As shown in Figure S2, the defect formation energies of Al-on-Si
and Si-on-Al antisite defects are so low that the defects can be easily formed. Actually,
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it is experimentally confirmed that the Fe; Al;Si3 phase crystallizes in wide composition
range [4,16]. Thus, the synthesized polycrystalline samples of Fe3Al,Sis should contain
large amount of antisite defects, which results in a significant reduction of the lattice
thermal conductivity. At high temperature range, the experimental value increases with
increasing temperature. This should be derived from an excitation of minority carrier since
Fe3Al;Si3 is a narrow-gap semiconductor with the band gap of about 0.2 eV [2,3,26].

20 ' I ’ I ) T j T T T T T
i calc. xx
i calc.yy —
[ calc. zz
15 F exp. Al,Fe;Sis [2] 4

- exp. A|1_5F€38i3_5 [3]
i exp. AlygFes7Sis7 [3]

OcCPk>

300 400 500 600 700 800 900 1000
T(K)

Figure 5. Temperature dependence of calculated lattice thermal conductivity together with experi-
mental value of stoichiometric and non-stoichiometric polycrystalline samples from References [2,3].

To gain further insight into a reduction of the lattice thermal conductivity of Fe3Al,Si3,
we calculated the thermal conductivity spectrum in phonon frequency space, as shown
in Figure 6a. The spectrum has a highest peak at acoustic mode region, which is a typical
behavior. Moreover, we can see that optical modes from 4 THz to 8 THz have significant
contribution to the lattice thermal conductivity. This corresponds to that the optical modes
have high group velocity as well as the acoustic modes. From the discussion above, we can
suggest that a heavy-element doping/alloying on Al sites is especially effective to further
lower the energy of LLO mode, which in turn enhances the effect of avoided-crossing
and reduces the group velocity near the zone-boundary. It should also introduce the
point defect scattering. A screening of effective dopants and quantitative estimation of the
doping effects are possible future work.

Figure 6b shows the cumulative thermal conductivity normalized by the calculated
bulk value at 300 K. From the cumulative thermal conductivity, we can gain information on
the length scale of phonons which are dominant for the thermal transport. The calculated
results show that phonons with the mean free path / < 500 nm make a significant contri-
bution to the thermal transport. For example, phonons with [ > 33 nm, 39 nm, and 50 nm
carry 50% of the heat in a bulk material in xx, yy, and zz directions, respectively. In other
words, controlling the microstructure size with these length scales would have potential to
reduce the lattice thermal conductivity in half. This information, together with the doping
strategy mentioned above, gives indication that there is room to reduce the lattice thermal
conductivity and improve thermoelectric efficiency of Fe3Al,Sis.
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Figure 6. (a) Thermal conductivity spectrum in phonon frequency space and (b) cumulative thermal
conductivity normalized by calculated bulk lattice thermal conductivity with respect to phonon mean
free path at 300 K.

4. Conclusions

By using DFT-based calculations, we have investigated the lattice dynamics and
thermal conductivity of Fe3Al,Si3, which has been expected as a novel low-cost and
non-toxic thermoelectric material. The lowest-lying optical mode, which was observed
near the acoustic modes, has large contribution from Al2 site. Besides, Al2 site shows
large thermal displacement compared to the other atomic sites. However, these features
are found not to have significantly favorable effects on the phonon anharmonicity and
scattering rate. As a result, Fe3Al,Siz has an intrinsically high lattice thermal conductivity.
From the calculated thermal conductivity spectrum, we obtained a strategy that heavy-
element doping on Al site can alter the phonon dispersion in low-frequency range and
reduce phonon group velocity. Further, an effective length scale of microstructure was
clarified from the cumulative thermal conductivity. This study gives basic information
on the phonons, and the strategies obtained here should awaken further experimental
efforts to improve the thermoelectric performance of Fe3Al,Si3 towards realizing practical
IoT devices.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cryst11040388/s1. Description of the calculation of defect formation energy; Figure S1:
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Visualized crystal structure of Fe3Al,Si3; Figure S2: Calculated defect formation energies of antisite
defects (Algjy, Algjp, Alsis, Siajp, and Siap) as a function of Fermi energy for the boundary condition
of (a) Fe3AIZSi3-A13FeZSi-A179 (F613Sig)2, (b) Fe3AIZSi3-A13Fe2Si—AlFeZSi, (C) Fe3A125i3—A153Fe175112-
A179 (Fe13Si9)2, (d) FegAlzSi3-A153F€175112-FeSiz, (e) Fe3AIZSi3—AlFeZSi—FeSi, and (f) Fe3Al2Si3-FeSi-
FeSi, regions. The Fermi energy is referenced to the valence band maximum, and the vertical dashed
black line indicates the band gap region within the GGA-PBE level.
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