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ABSTRACT 

Fe2Ge3 with an incommensurate Nowotny chimney-ladder (NCL) structure is a promising material for 

thermoelectric applications due to its low thermal conductivity. Previous experimental studies on Fe2Ge3 

have mainly focused on polycrystalline samples, which has resulted in a limited understanding of the 

material's intrinsic thermoelectric properties and the underlying causes of its low thermal conductivity. Here 

we report the synthesis and thermoelectric properties of single crystalline Fe2Ge3. Millimeter-sized Fe2Ge3 

single crystals grown by chemical vapor transport method enable the study of the intrinsic thermoelectric 

properties. The Seebeck coefficient of Fe2Ge3 is negative and its magnitude increases linearly with 

temperature, showing a degenerate n-type semiconductor behavior. The analysis of the electrical resistivity 

and specific heat data indicates the existence of an Einstein mode with a characteristic temperature of about 

60 K, suggesting the presence of low-energy optical phonons. The thermal conductivity of Fe2Ge3 along 

the c-axis is as low as 1.9 W m-1K-1 at 300 K and exhibits a nearly temperature-independent characteristic, 

which is distinct from the previous theoretical calculations with a stronger temperature-dependence. The 

low thermal conductivity may be attributed to the scattering of acoustic phonons by low-energy optical 

modes and the presence of non-extended diffuson modes, as reported in another NCL compound MnSi1.74. 

This study provides valuable insights into the electrical and thermal properties of Fe2Ge3, which can open 

up new possibilities for future advances in thermoelectric applications. 

1. INTRODUCTION 

Solid-state thermoelectric (TE) devices, which can directly convert waste heat into electricity and vice 

versa, have received renewed attention in the past decades. [1-3] The performance of a TE device is mainly 

determined by the dimensionless figure-of-merit of a TE material as zT = S2T/ρκ, where S, T, ρ and κ are 

the Seebeck coefficient, temperature, electrical resistivity, and thermal conductivity, respectively. The 
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product of S2/ρ is called the power factor (PF). The thermal conductivity comprises two components, the 

lattice contribution (κL) and the electronic thermal contribution (κE). The search for new TE materials is 

dominated by the need to minimize the κL while maximizing their PF. [4-9]  

Many efforts have been devoted to exploring novel materials with complex crystal structures. [10-15] 

For example, Nowotny chimney-ladder (NCL) compounds TmEn, which consist of transition (T) and main 

group (E) metals, are promising TE materials due to their intrinsically low thermal conductivity as a result 

of complex crystal structures. [16,17] The unit cell of a NCL phase consists of a tetragonal sublattice 

forming chimneys and helical sublattice forming ladders. The periodicities of the two sublattices along the 

c-axis are in general incommensurate with respect to each other. Examples of NCL phases include MnSi1.74, 

Ru2Si3, RuAl2, Ru2Ge3, and so on. [18-21] These NCL compounds usually exhibit low κ values, ranging 

from 0.8 to 4.2 W m-1K-1 at 300 K. The reported figure of merit zT is in the range of 0.1-1.0. [22-24] To 

understand the origin of low thermal conductivity in MnSi1.74, Chen et al. [10] conducted inelastic neutron 

scattering measurements and first-principles calculations to determine the phonon dispersions. These 

experiments revealed numerous low-energy optical phonon modes in MnSi1.74, including an unusual 

twisting mode of Si ladders, which can scatter acoustic modes and lead to an intrinsically low κ. 

Furthermore, a hybrid model consisting of both phonons and diffusons was proposed to explain the low 

and anisotropic thermal conductivity of MnSi1.74. [10] 

Fe2Ge3 is a NCL compound in the Fe-Ge binary system. Gerasimov et al. [25] prepared an equilibrium 

phase Fe2Ge3 by mechanical alloying followed by annealing. This new phase shows a tetragonal structure 

similar to Ru2Sn3. Li et al. [26] studied the post-annealed Fe-Ge alloy by X-ray diffraction (XRD) and 

transmission electron microscopy. Its composition was determined as FeGe1.52, slightly different from the 

Ru2Sn3-type structure, which was attributed to formation of incommensurate structure. Terada et al. [27] 

grew the epitaxial FeGe1.52 thin film via seed-assisted epitaxial method and the orientation of the helices 

was controlled by nanoseed interfaces. Sato et al. [28] characterized the TE properties of a polycrystalline 

Fe2Ge3 sample prepared by mechanical alloying followed by spark plasma sintering. A maximum zT of 

0.57 was achieved at 633 K as a result of a low lattice thermal conductivity of 1 W m-1K-1. Li et al. [29] 

calculated the lattice thermal conductivity of Fe2Ge3 and discussed the effect of optical-acoustic phonon 

hybridization on phonon scattering. The hybridization increases the scattering rate of acoustic phonons, 

leading to a low thermal conductivity. Recently, Yu et al. [30] reported the crystal growth of Fe2Ge3 via a 

chemical vapor transport (CVT) method using a mixture of I2 and Mo(CO)6 as transport agents and obtained 

crystals with typical sizes in the range of 100-750 microns. It should be noted that these crystals are not 

large enough for the TE property measurements. Previous studies on the TE properties are mainly focused 

on polycrystalline samples. Hence, it is of interest to explore the intrinsic transport properties of Fe2Ge3 
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single crystals. 

Herein, we report the synthesis and transport properties of Fe2Ge3 single crystals, which were prepared 

by a CVT method using I2 as a transport agent. Single crystals of Fe2Ge3 with relatively large sizes, reaching 

up to 3 mm, were successfully obtained. The TE and magnetic properties of Fe2Ge3 were characterized. 

The resistivity of Fe2Ge3 increases with temperature and starts to decrease above 300 K. A fitting of 

resistivity and specific heat (Cp) reveals an Einstein mode with a characteristic temperature (θE) of about 

60 K, suggesting the existence of low-energy optical modes. The Seebeck coefficient of Fe2Ge3 is negative 

and its magnitude increases linearly with temperature, which is typical for a degenerate n-type 

semiconductor. Furthermore, the thermal conductivity of Fe2Ge3 along the c-axis shows a temperature-

independent behavior with a low value of 1.9 W m-1K-1 at 300 K, possibly due to the scattering of acoustic 

phonons by low-energy optical modes. Additionally, the temperature-independent magnetic susceptibility 

could be attributed to Pauli paramagnetism by conduction electrons. This study provides useful insights 

into the intrinsic physical properties of Fe2Ge3 and the origin of its low thermal conductivity. 

 

2. EXPERIMENTAL METHODS 

2.1 Crystal Growth of Fe2Ge3 

    Fe2Ge3 single crystals were grown by the CVT technique using I2 as the transport agent. First, Fe (99.99%, 

Alfa Aesar) and Ge (99.9999%, Alfa Aesar) pieces in the atomic ratio of 2:3 were arc melted to get a 

uniform mixture. Then, the mixture and transport agent (4 mg cm-3) were sealed under vacuum (10-5 torr) 

inside a quartz tube. The vapor transport growth was performed in a single zone tube furnace by using the 

natural temperature gradient along the horizontal axis. The starting materials were heated for two weeks at 

Thot = 500 ℃, whereas the other end of the tube that does not contain the precursors was maintained at Tcold 

460 ℃. During the two-week growth period, some black plates form around the starting materials at the 

hot end. These plates are rather moisture sensitive. We failed to confirm the real chemistry of these crystals. 

However, FeI2 is expected to form with a layered structure and rather moisture sensitive. It is likely that I2 

reacts with iron to form FeI2 which then serves as the transport agent during the crystal growth. The Fe2Ge3 

crystals show up at the cold end as the rectangular bars with the typical length of 2-3 mm and cross section 

of 0.50.6 mm2. 

 

2.2 Phase and microstructure characterization of Fe2Ge3 
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    Room temperature powder X-ray diffraction patterns were collected on a X’Pert PRO MPD X-ray 

Powder Diffractometer using the Ni-filtered Cu-Kα radiation with a wavelength of 1.54 Å. The crystal facet 

indexing was carried out using a Bruker Venture D8 diffractometer equipped with a PhotonIII detector. The 

single crystal XRD (SCXRD) was collected on a Rigaku X-ray diffractometer using Mo-Kα radiation with 

a wavelength of 0.71073 Å at 298 K. The elemental composition and morphology of the samples were 

studied using a TESCAN Vega3 SBH scanning electron microscope (SEM) with a Bruker LN2-free 30 mm2 

SD detector. The energy dispersive X-ray (EDX) analysis utilized Fe Kα and Ge Lα for elemental 

quantitative analysis. The transmission electron microscope (TEM) study was performed with a 

ThermoFisher Scientific Talos L120C TEM with an FEI CETA-16 M CMOS digital camera. The Raman 

spectrum was obtained via Horiba LabRam using a laser with a wavelength of 520 cm-1 and a maximum 

power of 60 mW at 300 K. The incident laser beam is non-polarized and oriented perpendicular to the c-

axis of the crystal. 

2.3 Thermoelectric and Magnetic Measurements of Fe2Ge3 

    The magnetic properties of samples were measured with a Quantum Design (QD) Magnetic Property 

Measurement System (MPMS) in the temperature interval 2 K ≤ T ≤ 350 K. The temperature dependence 

of specific heat was measured with a QD Physical Property Measurement System (PPMS) in the 

temperature range of 1.9 K ≤ T ≤ 250 K. The Hall carrier concentration (nH) and Hall mobility (H) were 

measured using the PPMS with a magnetic field between ±2 T. A single-band model [31] was used to 

determine the charge carrier concentration and mobility of the samples. The carrier concentration is 

calculated using the formula nH = 1/(eRH) and the Hall mobility is calculated using the formula H =1/(enH), 

where e is the electron charge, RH is Hall resistivity, and  is electrical resistivity. The electrical resistivity 

along the c-axis was measured in the range of 2 K to 380 K using the PPMS. The Seebeck coefficient data 

along the c-axis were collected in a homemade setup from 80 K to 310 K. The thermal conductivity along 

the c-axis was measured in the temperature interval between 30 K and 300 K by the steady-state method. 

[32] The differential thermocouple was made of copper and constantan wires.  

3. RESULTS AND DISCUSSION 

3.1 Crystal Structure 

The crystal structure of Fe2Ge3 is shown in Fig. 1a. Fe2Ge3 exhibits a NCL structure with a space group 

of 𝑃4̅𝑐2 (No. 116). [28,30] Similar to other NCL phases, Fe2Ge3 consists of a tetragonal sublattice of Fe 

atoms forming chimneys and a tetragonal sublattice of Ge atoms forming ladders. These two sublattices are 

not necessarily commensurate along the c-axis. Its composition can slightly deviate from the Fe:Ge=2:3. 
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[28,30,33] The indexed room-temperature powder XRD pattern is displayed in Fig. 1b. All the reflections 

can be indexed using space group 𝑃4̅𝑐2 (No.116) and no impurities were detected by XRD. It should be 

noted that the (100) peak shows a higher intensity than the calculated XRD, which could be caused by the 

presence of both commensurate and incommensurate structures as report in a previous study [30] or texture 

effect [34]. The obtained lattice parameters from SCXRD are a = b = 5.5995(6) Å and c = 8.9531(14) Å, 

which are in good agreement with the reported values. [30,33] The single crystal crystallographic report 

and structure refinement results from SCXRD are listed in Table 1 and 2.  

 

Fig. 1 (a) Crystal structure of NCL phase of Fe2Ge3. The red and blue spheres are Fe and Ge atoms, respectively. (b) Indexed 

powder XRD pattern (blue) of Fe2Ge3 compared with the calculated XRD pattern (red) based on the space group of 𝑃4̅𝑐2. The 

inset shows an optical image of as-grown crystals. 

Table 1. Single crystal crystallographic data and structure refinement for Fe2Ge3 at 298 K 

space group 𝑃4̅𝑐2 

lattice parameters a = b = 5.5995(6) Å, c = 8.9531(14) Å 

α = β = γ = 90° 

V = 280.73(6) Å3 

density  7.848 g cm-3 
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temperature 298.00 K 

range for data collection 4.34 to 31.40° 

collected reflections 1434 (total), 261 (unique) 

Rint 0.0596 

σI/I 0.0694 

 

Table 2. Atomic coordinates data for Fe2Ge3 from SCXRD refinement with Fullprof (χ2 =4,72, Rfactor 

=8.47).[35] 

No. Site Wycoff x y z occupancy 

1 Fe1 2b 0.5 0.5 0.25 0.25 

2 Fe2 2c 0 0 0 0.25 

3 Fe3 4i 0 0.5 0.37367(93) 0.5 

4 Ge1 4f 0.17671(59) 0.17671(59) 0.75 0.501(6) 

5 Ge2 8i 0.22206(71) 0.34436(62) 0.08555(58) 1.013(11) 

 

    Figure 2a shows the SEM image of Fe2Ge3 single crystals. The single crystals typically display a cuboid 

shape, with widths in the range of a few hundred microns and lengths that can extend up to 3 mm. They 

also exhibit a distinct preferred growing direction.  To determine the growth direction, we performed 

crystal facet indexing using SCXRD. It has been confirmed that the growth direction of the crystals is 

along the c-axis, as shown in Fig. S1 in the Supplemental Material (SM). [36] The EDX spectrum of the 

sample is shown in Fig. 2b.  The EDX analysis indicates that the atomic ratio of Fe:Ge is 1:1.48±0.30, 

which is consistent with the nominal atomic ratio of Fe2Ge3. Additionally, the EDX mapping of Fe and 

Ge elements confirms the homogeneity of the sample, as shown in Fig. 2c and 2d.  
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Fig. 2 (a) SEM image of the Fe2Ge3 single crystals. (b) EDX spectrum of the Fe2Ge3 single crystals. (c) and (d) EDX mapping of 

Fe and Ge elements.  

To further investigate the crystal structure, we performed TEM studies on a Fe2Ge3 crystal. Figure 3a 

shows the high-resolution TEM (HRTEM) image of a sample. The obtained interplanar spacing was 

measured to be 4.6 Å, consistent with the calculated d-spacing of (101̅) plane for the commensurate phase 

of Fe2Ge3 (4.6 Å). [30] The Fast Fourier Transform (FFT) pattern from HRTEM image (inset of Fig. 3a) 

and selected area electron diffraction (SAED) (Fig. 3b) can be indexed based on the commensurate phase 

with the zone axis along [121] direction. According to a previous study, [26,30] both commensurate and 

incommensurate phases can exist in Fe2Ge3 crystals grown by the CVT method. Therefore, it is expected 

that a mixture of commensurate and incommensurate phases may also be present in our samples. 

The Raman spectrum of a Fe2Ge3 sample is shown in Fig. S2 with a peak at 147 cm-1, corresponding 

to an energy of 18 meV. However, no other well-defined Raman peaks can be observed in the measured 

energy range. It should be noted that further studies, such as first-principles calculations, are needed to 

better understand the optical property of Fe2Ge3. 
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Fig. 3 (a) HRTEM image of a Fe2Ge3 single crystal. The corresponding FFT of the HRTEM is shown in the inset. (b) SAED 

pattern along zone axis [121], indexed based on the commensurate phase of Fe2Ge3. 

 

3.2 Magnetic Property 

Temperature dependence of magnetic susceptibility () of Fe2Ge3 single crystals were measured in a 

magnetic field of 10 kOe, as displayed in Fig. 4. A temperature independent magnetic susceptibility of 

about 3×10−4 emu mol-1 Oe-1 was observed in the whole temperature range of 2-350 K. The nearly 

temperature-independent positive magnetic susceptibility could be characterized by Pauli paramagnetism 

from conduction electrons. The electrical property measurements below confirm the metallic nature of the 

compound with temperature-independent carrier concentration. According to partial density of states and 

electronic structure of Fe2Ge3 calculated by Verchenko et al., [30] the valence band top is mainly 

contributed by Ge 4p states while the conduction band bottom is contributed by Fe 3d states. Therefore, the 

paramagnetic properties should be attributed to Fe 3d and Ge 4p orbitals. The magnetic susceptibility shows 

weak anisotropy when the magnetic field is applied along and perpendicular to the c-axis, as shown in Fig. 

S3 of the SM. Previous results from Verchenko et al. [30] detected an upturn below 50 K and attributed it 

to paramagnetic impurities. However, this small upturn isn’t present in Fig. 4, which indicates high purity 

of the measured sample. 
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Fig. 4 Temperature dependence of magnetic susceptibility of Fe2Ge3 measured in an applied magnetic field of 10 kOe along a 

random orientation of one piece of crystal about 6 mg. 

3.3 Electrical Properties 

Figure 5a shows the temperature dependence of resistivity of two Fe2Ge3 single crystals measured 

with the electrical current along the c-axis. The resistivity of Fe2Ge3 increases with increasing 

temperature and starts to decrease above 300 K. The resistivity at 300 K is 0.07 Ω cm with the residual 

resistance ratio (RRR=300K/2K) ≈ 233 for sample S1. Different from our observations, the resistivity of a 

polycrystal reported by Verchenko et al. [30] decreases with increasing temperature and shows an obvious 

semiconducting behavior. This discrepancy may come from the different stoichiometric ratio in the 

samples and the resistivity due to extrinsic impurity band in polycrystalline sample. [30] The resistivity 

data below 50 K can be fitted using the following Equation: [37] 

𝜌(𝑇) = 𝜌0 + 𝜌𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛(𝑇) + 𝐴𝑇2 + 𝐵𝑇5,                                                 (1) 

where ρ0 is the residual resistivity, ρEinstein (T) is the contribution from Einstein mode, and A and B are 

coefficients for electron-electron scattering and electron-phonon scattering, respectively. It was found that 

the contribution of an Einstein mode to the resistivity can be described by [38] 

𝜌𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛(𝑇) =
𝐾𝑁

𝑀𝑇 exp (
𝜃𝐸
𝑇

−1)(1−exp(
−𝜃𝐸

𝑇
))

,                                                  (2) 

where M is the mass of oscillator, N is the number of the oscillators per unit volume, K is a parameter 

dependent on the electron density and the strength of the coupling between electrons and local phonon 

modes, and θE is the characteristic temperature of the Einstein mode. As shown in Fig. 5b, the measured ρ 

can be fitted well with the model. The θE obtained from the fitting is 61 K. The electron-electron scattering 

dominates at low temperatures with the electron-electron scattering coefficient of 1.12 μΩ cm K-2. Above 

350 K, the resistivity exhibits a decreasing tendency with temperature due to the thermal excitation of 

electron-hole pairs. Therefore, we fit the high-temperature resistivity data using the following Equation: 
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𝜌(𝑇) = 𝐶𝑒𝑥𝑝(
𝐸𝑔

𝑘𝐵𝑇
),                                                                     (3) 

where C is residual resistivity, Eg is bandgap energy, and 𝑘𝐵 is Boltzmann’s constant. An Arrhenius plot 

of resistivity is shown in Fig. S4 with a narrow bandgap energy of 0.03 eV. This bandgap is in agreement 

with the reported value determined from the resistivity data of a polycrystal sample (Eg =0.03 eV). [30] It 

is noted that sample S2 has a much larger residual resistivity and shows a slight decrease in resistivity with 

increasing temperature below 10 K (Fig. S5 in the SM), which could be attributed to a stronger electron-

impurity scattering. In addition, distribution of commensurate and incommensurate structures could also 

affect the resistivity of Fe2Ge3, which deserves further investigation. 

 

Fig. 5 (a) Temperature dependence of resistivity of Fe2Ge3 crystals. The data for Fe2Ge3 polycrystals are included for comparison. 

[28,30] (b) Low-temperature resistivity of Fe2Ge3 crystals. The red line is the fit using Equ. (1) and (2). The contribution from 

electron-electron scattering, Einstein modes and electron-phonon scattering are colored with gray, green and, magenta 

respectively. The uncertainty of resistivity is 6%. 

Figures 6a and 6b show the Hall carrier concentration and mobility of Fe2Ge3 as a function of 

temperature, respectively. The electron concentration is essentially independent of temperature, which is 

characteristic of a degenerate semiconductor. [39] The Hall voltage as a function of magnetic field at 300 

K is shown in Fig. S6 with a negative slope, verifying its n-type semiconducting behavior. The mobility 

of Fe2Ge3 varies approximately as T−3/2 above 50 K. This result indicates that acoustic phonon scattering 

is the dominant carrier scattering mechanism in Fe2Ge3 single crystals. [40] Table 3 summarizes the Hall 

carrier concentration and mobility, along with other physical properties of Fe2Ge3 at room temperature. 

 

Table 3. Experimentally measured physical properties of Fe2Ge3 (S1) at 300 K. 
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S 

(μV K-1) 

σ  

(Ω-1 cm-1) 

nH  

(1021 cm -3) 

μH  

(cm2 V-1 S-1) 

Cp  

(J mol-1 K-1) 

θD  

(K) 

vm  

(m s-1) 

κ  

(Wm-1K-1) 

−141 15 2.5 0.037 112 (250 K) 325 4175 1.9 

 

Fig. 6 (a) Hall carrier concentration and (b) mobility of a Fe2Ge3 crystal as a function of temperature. The uncertainty of Hall carrier 

concentration is 6% and the uncertainty of mobility is 8%. 

    Figure 7 shows the temperature dependence of Seebeck coefficient of Fe2Ge3 single crystals, measured 

with a temperature gradient along the c-axis. The Seebeck coefficient is negative and its magnitude 

increases linearly with temperature. This behavior is expected for a degenerate or heavily doped n-type 

semiconductor, which agrees with the Hall measurement results discussed earlier.  

    In general, NCL phases composed of transition metals are stable if the valence electron count (VEC) 

per number of transition metals is around 14. [41,42] The compound is a semiconductor when the VEC 

equals to 14. A qualitative explanation for this empirical principle is that the T atoms in NCLs TmEn need 

to achieve a filled 18-electron configuration through the covalent sharing of electron pairs at four T-T 

contacts around each T atoms. In this way, filled 18-electron configurations only require 14 electrons per 

T atom. [43] For n-type materials, VEC is larger than 14 and an increase of VEC above 14 corresponds 

to a shift in Fermi level away from the conduction band bottom. VEC is linked to the atomic ratio of 

Ge:Fe(δ) via VEC = 8 + 4δ because each Fe atom has 8 valence electrons, and each Ge atom has 4 valence 

electrons. [44]  Furthermore, the charge carrier density can be approximated by calculating the number 

of conduction electrons within the Fe sublattice. The number of conduction electrons per Fe atom is 

calculated as (VEC-14), which is equal to the difference between valence electrons and the number of 
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paired electrons per Fe atom. Given that the Fe sublattice in Fe2Ge3 unit cell contains 4 Fe atoms, charge 

carrier density can be estimated by [33] 

𝑛 =
4(𝑉𝐸𝐶−14)

v𝐹𝑒
 = 

4(4−6)

v𝐹𝑒
,                                                            (4) 

where v𝐹𝑒 is the volume of Fe sublattice in the unit cell. Using Equ. (4) and the experimental electron 

density from the Hall measurements and lattice parameters from XRD data, δ is calculated to be 1.517 

with a corresponding VEC of 14.068. This value is close to the value determined by SCXRD.  

The Seebeck coefficient of a heavily doped semiconductor is given by [45,46] 

𝑆 =
8𝜋8/3𝑘𝐵

2 (𝑟+
3

2
)𝑚𝑑

∗

35/3𝑒ℎ2𝑛2/3 𝑇,                                                              (5) 

where h is Planck’s constant, m∗ is the density-of-states effective mass, and r is the scattering parameter, 

which is zero when acoustic phonon scattering is the dominant scattering mechanism. The extracted 

effective mass of Fe2Ge3 is about 7.3m0, where m0 is the free electron mass. This value is smaller than 

that of MnSi1.74 (9m0). [39]  

 

Fig. 7 Temperature dependence of Seebeck coefficient of a Fe2Ge3 crystal measured along the c-axis. The data from Sato et al. 

[28] and Verchenko et al. [30] are included for comparison. The uncertainty of Seebeck coefficient is 5%. 

    In previous studies, [10,47] it has been found that the TE properties of NCL phases are highly anisotropic 

due to their unique crystal structures. It is expected that the Fe2Ge3 crystals may also exhibit a similar 

anisotropic behavior. However, our crystals are not large enough for the TE property measurements 

perpendicular to the c-axis. Efforts are required to improve the growth method in order to increase the size 

of the crystals. In addition, it is noticed that the PF and zT of the single crystals are 0.03 mWm-1K-2 and 

0.005 at 300 K, respectively, both of which are low as compared to other TE materials. [48,49] A zT of 0.3 
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at 373 K has been reported for polycrystalline Fe2Ge3. [28] The low zT in our sample is primarily attributed 

to its lower electrical conductivity. The previous first-principles calculations by Sato et al. [28] have 

demonstrated that zT value over unity at 600 K can be achieved by doping. Further work is needed to 

improve the thermoelectric properties of Fe2Ge3 crystals by doping. 

3.4 Thermal properties  

Temperature dependence of specific heat of Fe2Ge3 in the temperature range of 1.9-250 K is shown in 

Fig. 8. No sign of any phase transition is observed. According to Fig. 8a, the specific heat at 250 K attains 

a value of 112 J mol-1K-1, which is slightly smaller than the classical high temperature Dulong-Petit value 

of 3nR=125 J mol-1K-1 at constant volume, where R is the molar gas constant and n=5 is the number of 

atoms per formula unit. Figure 8b shows the temperature dependence of Cp/T
3 below 30 K. The weak hump 

around 12 K suggests the presence of an Einstein mode due to low-energy optic modes. This bump has also 

been observed in glass-like materials. [50] The solid red line in Fig. 8b represents the fitting including 

electronic specific heat, Debye term and Einstein term using the following equation [51]: 

𝐶𝑝

𝑇3 =
𝛾

𝑇2 +
12𝜋4𝑁𝑘𝐵

5𝜃𝐷
3 + 𝑛𝐸𝑅

𝜃𝐸
2

𝑇5

𝑒𝜃𝐸 𝑇⁄

(𝑒𝜃𝐸 𝑇⁄ −1)2,                                   (6) 

where γ is the electronic specific heat coefficient, N is the number of atoms per mole, 𝜃𝐷 is the Debye 

temperature, and 𝑛𝐸 is the Einstein oscillator strength per mole. The fitting leads to a γ of 0.00718 J mol-

1K-2, a 𝜃𝐷  of 325 K, a 𝜃𝐸  of 59.7 K, and a 𝑛𝐸  of 0.38. The obtained Einstein temperature with a 

corresponding energy of about 5 meV matches well with the value from the resistivity analysis. According 

to the fitting of resistivity and specific heat data, the electron-electron scattering coefficient A is 1.12 μΩ 

cm K-2 and the Sommerfeld value of the specific heat γ is 7.18 mJ mol-1K-2. The Kadowaki-Woods ratio 

(A/γ2) is calculated to be 2.17×104 μΩ cm mol2 K2 J-2. This value is much larger than transition metals and 

many heavy-fermion compounds, [52] indicating strong electron correlations in the compound. The sound 

velocity (vs) was calculated using the following equation: 

𝑣𝑠 =
𝑘𝐵𝜃𝐷

ℏ
(

6𝜋2𝑁

𝑉
)−1/3,                                                                  (7) 

where V is the volume of the unit cell. The calculated value is 4175 m s-1. Notably, the sound velocity of  

Fe2Ge3 is smaller than that of MnSi1.74 , which is 5095 m s-1. [39] 
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Fig. 8 (a) Temperature dependence of specific heat in the temperature range of 1.9-250 K. The red dash line is the Dulong-Petit limit. (b) 

Temperature dependence of Cp/T3 below 30 K. The solid red line shows the fitting as described in the text. Specific heat 

contributions from electronic, Debye and Einstein terms are labeled in gray, magenta and green color, respectively. 

In order to better understand the thermal transport in Fe2Ge3, we measured the thermal conductivity 

of a Fe2Ge3 single crystal with a temperature gradient along the c-axis, as shown in Fig. 9. The measured 

value is about 1.9 W m-1K-1 at 300 K, which is smaller than that of MnSi1.74 along the c-axis (2.3 W m-

1K-1). The lower thermal conductivity in Fe2Ge3 can be attributed to its lower sound velocity as discussed 

above. The electronic thermal conductivity can be estimated by κE = LT/, where L is Lorenz number. 

The value of L is determined to be 1.8 ×10−8 V2K−2, according to an equation considering single parabolic 

band with acoustic-phonon scattering as L = 1.5 + e-|S|/116. [53] The calculated κE is 0.0024 W m-1K-1 at 

300 K, which is negligible as compared to the total thermal conductivity due to the relatively high 

resistivity. The measured thermal conductivity shows a plateau in the temperature range from 50 K to 

300 K. Li et al. [29] conducted the first-principles calculations of phonon dispersions and thermal 

transport in Fe2Ge3. They observed some low-lying optical phonon modes with energies of 1.8 meV at 

the Brillouin zone center, which exhibit avoided crossings with longitudinal acoustic phonons. In 

addition, another optical branch with energy of 5 meV at the zone center was observed. As a result, the 

optical-acoustic phonon coupling can increase phonon scattering rates and reduce lattice thermal 

conductivity. According to our resistivity and specific heat analysis, low-lying optical modes with energy 

of 5 meV are present in Fe2Ge3, which is consistent with the calculations. These optical-phonons can 

scatter heat-carrying acoustic phonons and reduce lattice thermal conductivity of Fe2Ge3. However, it 

should be noted that our experimental data show a much weaker temperature dependence than the model 

predicts.  As the model is based on the phonon transport model, other mechanisms could be accounted 

for the thermal transport behavior of Fe2Ge3. In complex crystal structures, thermal transport involves 
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degenerate overlapping optical vibrational modes that participate through a hopping mechanism, distinct 

from the gas-like phonons. These modes are referred to as "diffusons". [54] A two-channel model 

including phonon channel and diffuson channel has been proposed for materials with low lattice thermal 

conductivity. [55-57] A similar low thermal conductivity along c-axis has been reported in single crystals 

of NCL MnSi1.74, as shown in Fig. 9, and is described by the two-channel model. [10] It has been found 

that the phonon contribution to thermal conductivity deceases with the temperature while the diffuson 

contribution increases with the temperature, leading to a weak temperature dependence in MnSi1.74. Such 

a two-channel model could also be used to explain the intrinsic low thermal conductivity in Fe2Ge3 in 

this work.  

 

Fig. 9 Temperature dependence of the total thermal conductivity of a Fe2Ge3 crystal measured along the c-axis. The uncertainty 

of thermal conductivity is 15%. The three dashed lines are the calculated thermal conductivities of Fe2Ge3 along three 

crystallographic axes using the first-principles method. [29] Thermal conductivity of MnSi1.74 along the c-axis is also shown for 

comparison. [10]  

 

The minimum thermal conductivity (min) of Fe2Ge3 can be calculated according to the model developed 

by Cahill et al. [58] with the following equation: 

𝜅𝑚𝑖𝑛 = (
𝜋

6
)1/3𝑘𝐵𝑛𝐴

2/3
𝑣𝑠(

𝑇

𝜃
)2 ∫

𝑥3𝑒𝑥

(𝑒𝑥−1)2

𝜃/𝑇

0
𝑑𝑥,                                             (8) 

where nA is the density of atoms. The min of Fe2Ge3 was calculated to be 0.78 W m-1K-1 at 300 K. Therefore, 

the thermal conductivity of Fe2Ge3 can be further suppressed by increasing the phonon-boundary scattering 
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via ball milling [23] and phonon-impurity scattering via chemical doping. [59] Indeed, a low thermal 

conductivity of 0.85 W m-1K-1 at 300 K was reported in a polycrystalline Fe2Ge3 sample. [30] Regarding 

the diffuson thermal transport, it has been demonstrated that its contribution can be decreased by increasing 

the energetic spacing between vibrational modes. [57] Therefore, proper dopants can be used to modify the 

phonon dispersion of Fe2Ge3 and increase overlapping of phonon modes associated with different atoms.  

 

4. CONCLUSION 

    We synthesized the single-crystalline NCL compound Fe2Ge3 and conducted a comprehensive 

characterization of its intrinsic physical properties. The temperature-independent magnetic susceptibility 

could be attributed to Pauli paramagnetism by conduction electrons. The Seebeck coefficient of Fe2Ge3 is 

negative and its magnitude increases linearly with temperature, which indicates that the obtained Fe2Ge3 is 

a degenerate n-type semiconductor with an electron effective mass of 7.3m0. The analysis of low-

temperature resistivity and specific heat data reveals an Einstein mode with a characteristic temperature of 

about 60 K, corresponding to low-energy optical phonon modes with an energy of 5 meV. The high-

temperature resistivity fitting with the Arrhenius law indicates a narrow bandgap of 0.03 eV. Furthermore, 

the thermal conductivity of Fe2Ge3 along the c-axis shows a temperature-independent behavior with an 

intrinsically low value of 1.9 W m-1K-1 at 300 K. Such a low thermal conductivity can be attributed to the 

scattering of acoustic phonons by low-energy optical modes. In addition, it is possible that diffusons 

contribute to thermal transport in Fe2Ge3 as reported in another NCL phase MnSi1.74, [10] leading to a 

thermal conductivity plateau in a wide temperature range. Our results provide important insights into the 

origin of the intrinsic low thermal conductivity in Fe2Ge3 and can enable further studies on enhancing its 

TE performance. 
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