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Abstract 

We report on the anomalous transverse magneto-thermoelectric properties of the topological 

spin semi-metallic equiatomic quaternary Heusler alloys (EQHAs) FeCrRhSi and FeCrRhGe 

over a wide temperature range between130 K and 295 K . Magnetic measurements reveal 

ferromagnetic behavior above room temperature with high Curie temperatures (𝑇𝐶 > 350 K) 

in these samples, where energetically competing ferromagnetic (FM) and antiferromagnetic 

(AFM) phases coexist at low temperatures, giving rise to field-induced metamagnetic 

transitions. The electrical resistivity of both samples exhibits semi-metallic characteristics 

throughout the measured temperature range, with low temperature resistivity upturns driven by 

Kondo-like scattering. Throughout this range, the longitudinal Seebeck coefficient is negative 

in sign for both FeCrRhSi and FeCrRhGe, indicating that electrons are the majority carriers for 
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thermally driven charge transport. Notably, both samples exhibit giant values of the anomalous 

Nernst coefficient (𝑆𝑧𝑦
𝐴𝑁𝐸) at room temperature, with 𝑆𝑧𝑦

𝐴𝑁𝐸 values of (0.272 ± 0.02) μV. K−1 

for FeCrRhSi and (0.295 ± 0.02) μV. K−1 for FeCrRhGe. These values are nearly three times 

larger than those reported for other EQHAs in the literature. An in-depth analysis reveals that 

intrinsic Berry curvature drives such large anomalous Nernst effects (ANEs) in our EQHAs. 

We show that in these samples, the contribution of the transverse thermoelectric conduction to 

the observed large ANE dominates over that of anomalous Hall effect acting on the charge 

carrier flow driven by the longitudinal Seebeck effect. The ratio of the anomalous off-diagonal 

transverse thermoelectric conductivity (𝛼𝑧𝑦
𝐴 ), to the anomalous Hall conductivity (𝜎𝑧𝑦

𝐴𝐻𝐸 ), 

|𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ |  lies between 0.2 (
𝑘𝐵

𝑒
)  and (

𝑘𝐵

𝑒
)  at room temperature, further highlighting the 

intrinsic Berry curvature as the underlying physical origin of the observed large ANEs. 

 

Keywords: Quaternary Heusler alloys, topological spin semi-metals, anomalous Nernst effect, 

Berry curvature, anomalous Hall effect. 
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1. Introduction 

The global quest for sustainable energy resources and novel energy harvesting 

technologies has led to the emergence of spincaloritronics, [1] a field that combines spin 

transport and magneto-thermoelectricity wherein, the anomalous Nernst effect (ANE) [2] has 

become an efficient technique for exploiting the spin degree of freedom of an electron in 

addition to its charge degree of freedom to harvest clean electrical energy from renewable 

thermal energy sources. When a temperature gradient is applied to a magnetic conducting or 

semiconducting material with a spontaneous magnetization, an electric field is generated along 

a direction orthogonal to both the temperature gradient and the material’s magnetization. This 

phenomenon is known as ANE where the thermally induced transverse electric field is 

proportional to the cross product of the thermal gradient and spontaneous magnetization of the 

material [3]. ANE-based thermoelectric (TE) devices bring several additional advantages as 

compared to conventional charge Seebeck effect-based TE devices, such as higher efficiency, 

simplified electrical connections for ANE-based thermopiles, scalability of the output voltage 

with the device dimensions enabling mass-production etc. [4,5] The physical mechanisms 

responsible for ANE can be categorized as either extrinsic or intrinsic in origin. While large 

Berry curvature at the Fermi level (𝐸𝐹) mediated by the topologically non-trivial band structure 

is recognized as the intrinsic origin of ANE, [6–8] side-jump mechanism, [9–11] and 

asymmetric skew scattering of charge carriers [6,12] are some of the effects responsible for the 

extrinsic origin of ANE. Intrinsic Berry curvature-driven colossal ANE at room temperature 

has been observed in a wide range of magnetic topological materials, including the semi-

metallic full Heusler alloy Co2MnGa, [7,13] ferromagnetic Weyl semimetal Co3Sn2S2, [8,14] 

Kagome magnets Fe3Sn and Fe3Sn2, [15,16] the cubic ferromagnets Fe3Ga and Fe3Al, [17] 

cubic magnetic alloy Fe3Pt, [18] the chiral antiferromagnetic Mn3Sn, [19], and the semi-

metallic Heusler ferromagnet CoFeVSb, [20] etc. Extrinsic skew scattering-driven large ANE 
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has also been observed in ferromagnetic mixed-valent manganites such as 

La0.67Sr0.33MnO3 [21] and La1-xNaxMnO3 [22], etc., hole-doped ferromagnetic cobaltites like 

La1-xSrxCoO3 [23–25], spin gapless semiconductors like Co1-xFe1+xCrGa, [12] Cr-based 

equiatomic quaternary Heusler alloys (EQHAs) such as CrRuMnGe and CrRuCoGe, [26] the 

half metallic ferromagnet Fe3O4 [27]. It is important to note that intrinsic Berry curvature-

driven ANE results in a higher value of the anomalous Nernst coefficient (ANC) compared to 

extrinsically driven ANE [4,28]. Furthermore, intrinsically driven ANE has been reported to 

scale beyond magnetization in topological materials with no net magnetization but a large net 

Berry curvature around the Fermi level. [7] Therefore, from the viewpoint of thermal energy 

harvesting, more specifically, for constructing ANE based thermopiles, [4,5] room temperature 

topological magnets with colossal ANC are preferred. 

  

 In this context, magnetic topological Heusler alloys hold great promise due to their high 

Curie temperatures (𝑇𝐶), large spin polarization, and topologically non-trivial band structures. 

These properties have generated growing interest in these materials for potential spintronic and 

spincaloritronic applications [29,30]. Amongst the vast family of magnetic Heusler alloys, the 

full Heusler alloys such as Co2MnGa, [7,13] Co2MnAl [31] and Co2MnSi, [32] Co2MnAl1-

xSix, [33] Co2Fe0.4Mn0.6Si [34], Co2TiSn [35], Ni2MnGa, [36] Fe2CoX (X = Al and Ga), Fe2NiX 

(X = Al and Ga), [37] etc., exhibit giant and promising ANC at room temperature. EQHAs with 

high spin polarization and high 𝑇𝐶  are also known to exhibit versatile magneto-electronic 

properties e.g., half-metallicity, [38,39] spin gapless semiconducting, [40–42] spin-valve, [43] 

spin semi-metallic and Weyl semi-metallic behavior, [44,45] topological spin semi-metallicity 

with fully compensated ferrimagnetism, [46] bipolar magnetic semiconducting, [47] as well as 

remarkable thermoelectric performances [12,20,38]. Despite their multifunctionality, studies 

on ANE in EQHAs are relatively scarce in contrast to full Heusler alloys. Our group has 
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reported large values of the ANE in several EQHAs, such as CrRuXGe (X = Co and Mn), [26] 

spin gap-less semiconductors like Co1-xFe1+xCrGa [12,48], and the semi-metallic ferromagnet 

CoFeVSb [20]. Interestingly, while most of the aforementioned alloys exhibit positive ANE, 

CrRuMnGe exhibits negative ANE [26]. In majority of these EQHAs, the ANE is governed by 

the extrinsic skew scattering mechanism, with the exception of CoFeVSb where the intrinsic 

Berry curvature drives a significantly large ANE [20]. Since colossal values of ANC at room 

temperature are expected to be observed in topological magnets that facilitate large Berry 

curvatures at or near the 𝐸𝐹, [4,28] EQHAs with topologically nontrivial band structures appear 

to be promising candidates for efficient thermal to electrical energy conversion based on ANE. 

 

 Given the aforementioned promising properties of EQHAs, we have chosen to study 

two candidate materials FeCrRhSi and FeCrRhGe from this family, which are established to 

be spin-metals in our previous reports. [44,45] Spin semi-metals are recently discovered 

interesting family of magnetic materials with immense potential for room temperature 

spintronic applications. In these materials, one of the spin bands is semi-metallic due to the 

partial overlap of valence and conduction bands, which can occur through direct or indirect 

overlap, resulting in a large density of states (DOS) at 𝐸𝐹, whereas the other spin band is gapped, 

exhibiting insulating or semiconducting behavior. [44–46] In the spin semi-metallic band near 

the 𝐸𝐹, direct overlap between conduction and valence bands often leads to doubly degenerate, 

linear band crossings. [44] The schematic illustration of the spin resolved DOS for spin semi-

metals is shown in Fig. 1(a) indicating overlapped spin-up and gapped spin-down bands at 𝐸𝐹. 

Note that the spin resolved DOS for spin semi-metals is unique and fundamentally different 

from that of half metallic ferromagnets and spin gapless semiconductors [12,48]. For 

comparison, the spin resolved DOS for half metallic ferromagnets and spin gapless 

semiconductors is presented in Fig. 1(b), indicating the partially filled valence band at 𝐸𝐹 for 
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the spin-up channel and gapped spin-down band for the half-metallic ferromagnets, whereas 

gapless spin-up bands and gapped spin-down bands at 𝐸𝐹 for the spin gapless semiconductors. 

Band structure calculations have demonstrated that the semi-metallic spin-up band exhibits 

type-II Weyl semi-metallic behavior in FeCrRhGe. [44] Due to these unique topologically non-

trivial band structures [44,45], both FeCrRhSi and FeCrRhGe exhibit sizeable anomalous Hall 

conductivity arising from their intrinsic Berry curvature. This finding was further confirmed 

by the ab-initio calculations and Hall data analysis, highlighting their potential for spintronic 

and spincaloritronic applications. This motivated us to take the next step and investigate their 

transverse thermo-spin effects. Here, we report the first experimental observation of ANE in 

FeCrRhSi and FeCrRhGe. We have obtained the large ANC values for both FeCrRhSi and 

FeCrRhGe at room temperature, which are nearly three times higher than those reported for 

other EQHAs in the literature. Our in-depth analysis indicates that the large ANE in both 

systems is governed by the intrinsic Berry curvature. The contribution of the transverse 

thermoelectric conduction to the observed anomalous Nernst thermoelectricity surpasses the 

contribution of the anomalous Hall effect acting on the charge carrier flow driven by the 

longitudinal Seebeck effect.  

 

2. Experimental Details 

Polycrystalline FeCrRhSi and FeCrRhGe alloys were prepared by arc melting 

technique as reported in previous studies [44,45]. The crystal structures of these alloys at room 

temperature were characterized by X-ray diffraction (XRD) pattern by employing a Xpert Pro 

diffractometer with Cu-Kα radiation ( = 1.54184 Å). Magnetic measurements of these alloys 

were conducted using a vibrating sample magnetometer (VSM) incorporated to a physical 

property measurement system (PPMS) from Quantum Design, USA. The longitudinal 

resistivity and Hall resistivity of these alloys were measured using the standard four-probe 
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technique by utilizing the DC resistivity option of the PPMS. The Seebeck coefficient and the 

total thermal conductivity of these alloys were simultaneously measured by employing the 

Thermal Transport Option (TTO) of the PPMS. Samples with dimensions 5 × 4 × 1.17 mm3 

(for FeCrRhSi) and 5 × 4 × 0.97 mm3  (for FeCrRhGe) were used for the electrical and 

thermoelectric transport measurements. Anomalous Nernst measurements were performed as 

a function of temperature and magnetic field using a custom-built spincaloritronic set up 

integrated with the PPMS based on a universal sample puck for the PPMS. The samples were 

sandwiched between two copper plates in such a manner that a temperature gradient is applied 

along the thickness of the samples, and the direction of the temperature gradient is orthogonal 

to the direction of the external DC magnetic field provided by the PPMS. It should be noted 

that the bottom copper plate (hot) was thermally isolated from the base of the PPMS puck by 

a 4 mm thick Teflon block, whereas the top copper plate (cold) was thermally anchored to the 

base of the PPMS puck through a pair of molybdenum screws. The anomalous Nernst voltage 

generated in the samples while sweeping the external DC magnetic field and in presence of the 

applied temperature gradient was recorded by a Keithley 2182A nanovoltmeter. A more 

detailed description of the spincaloritronic set up is reported in our previous 

studies [12,20,26,48,49]. 

 

3. Results and Discussion 

3.1. Structural Properties 

The room temperature XRD patterns for both FeCrRhSi and FeCrRhGe samples used in this 

study are already reported in the literature by our group [44,45]. These materials belong to the 

class of EQHAs (𝑋𝑋’𝑌𝑍) and adopt a cubic crystal structure with space group 𝐹4̅3𝑚 associated 

with the structural prototype of LiMgPdSn. In general, an EQHA 𝑋𝑋’𝑌𝑍 can stabilize in three 

energetically different non-degenerate structural configurations, namely, type I, type II and 
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type III, with different occupancies of Wyckoff positions 4𝑎 (0, 0, 0) , 4𝑏 (0.5,0.5, 0.5) , 

4𝑐 ( 0.25, 0.25, 0.25), and 4𝑑 (0.75, 0.75, 0.75), keeping the Z-atom fixed at the 4𝑎 site. [39] 

These three structural configurations can be visualized as, type I: X at the 4𝑑 site, X’ at the 4𝑐 

site, and Y at the 4𝑏 site; type II: X at the 4𝑏 site, X’ at the 4𝑐 site, and Y at the 4𝑑 site; and 

type III: X at the 4𝑐 site, X’ at the 4𝑏 site, and Y at the 4𝑑 site. Apart from this, there are 

possibilities of B2 or A2 type disorder as well, where two pairs or all 4-atomic sites prefer to 

remain in a disordered fashion. Both FeCrRhSi and FeCrRhGe are shown to crystallize in L21 

structure with Y = Cr at 4𝑏, Z = Si (Ge) at 4𝑎, and 50% antisite disorder between the tetrahedral 

site atoms Fe and Rh (X and X’) [44,45]. From the Rietveld analysis, the refined values of 

lattice parameters of FeCrRhSi and FeCrRhGe were found to be 5.90 Å  and 5.79 Å , 

respectively [44,45]. As the XRD patterns for these samples have been reported in the literature 

over a broad range of the scattering angle (20° ≤ 2𝜃 ≤ 120°) [44,45], we only display the 

room temperature XRD patterns for FeCrRhSi and FeCrRhGe in Figs. 1(c) and (d), 

respectively within a narrower range of scattering angles (41° ≤ 2𝜃 ≤ 47°) to feature the most 

intense (220) peak, located at 2𝜃  ≈ 44.47° for FeCrRhSi and 43.18° for FeCrRhGe. The 

average crystalline grain size (D) was estimated for both samples using the Scherrer 

equation, [50] 𝐷 = 
𝐾𝜆

𝑊 cos𝜃
; where, 𝜆 is the wavelength of X-ray, 𝜃 is the diffraction angle, 𝑊 

is the full width at half maximum of the diffraction peak and K is the Scherrer constant. 

Considering 𝜆 =  1.5418 Å , K = 0.89, [50] we obtained 𝐷 = (11.4 ± 1.0) and (19.2 ±

2.0) nm for FeCrRhSi and FeCrRhGe, respectively. Figures 1(e) and (f) display the schematic 

representations of the crystal structures of FeCrRhSi and FeCrRhGe, respectively considering 

type I structure [51,52], where Cr occupies the 4𝑏 site, Si (Ge) occupies the 4𝑎 site, and 50% 

antisite disorder exists between the tetrahedral site atoms Fe and Rh (4𝑐 and 4𝑑) [44,45]. 
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Figure 1 Schematic illustrations of the electronic density of states 𝑛(𝐸) for (a) spin semi-

metals and (b) half metals and spin gapless semiconductors. Room temperature XRD patterns 

for (c) FeCrRhSi and (d) FeCrRhGe. Schematic representations of the crystal structures (top 

view) of (e) FeCrRhSi and (f) FeCrRhGe. 

 

3.2. Magnetic Properties 

Figures 2(a) and (b) depict the temperature dependence of magnetization, 𝑀(𝑇) of FeCrRhSi 

and FeCrRhGe, respectively measured in presence of an external magnetic field of 𝜇0𝐻 =

0.05 T  under the zero-field cooled warming (ZFCW) and field cooled warming (FCW) 

protocols in the temperature (T) range: 10 K ≤ 𝑇 ≤ 390 K. Clearly, the magnetic transition 

temperatures (𝑇𝐶) of both samples are above 350 K, indicating their above-room temperature 

ferromagnetic nature [44,45]. It seems that FeCrRhGe has a higher 𝑇𝐶 than FeCrRhSi as both 

the ZFCW and FCW 𝑀(𝑇) curves for FeCrRhGe continue to increase with temperature up to 

390 K, while those for FeCrRhSi start dropping abruptly above 350 K. To have a clear idea 

about the ferromagnetic transition in theses alloys, the FCW 𝑀(𝑇)  for FeCrRhGe was 
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measured at 𝑇 > 400 K. The inset of Fig. 2(b) shows the FCW 𝑀(𝑇) of FeCrRhGe measured 

in the presence of an external magnetic field of 𝜇0𝐻 = 0.05 T over the temperature range of 

450 K to 700 K indicating 𝑇𝐶 = 550 K for this sample [44]. Therefore, the 𝑇𝐶 of FeCrRhSi is 

estimated to lie in the temperature range: 400 K ≤ 𝑇𝐶 ≤ 550 K. Since we do not have the high 

temperature 𝑀(𝑇)  data for FeCrRhSi, we fitted the ZFCW 𝑀(𝑇)  for FeCrRhSi with an 

extended form of the Bloch’s law [53–56]: 𝑀(𝑇) =  𝑀(𝑇0) [1 − (
𝑇−𝑇0

𝑇𝐶−𝑇0
)
𝛽

]; where 𝑀(𝑇0) is 

the value of 𝑀 at 𝑇 = 𝑇0, 𝛽 is the Bloch’s exponent, and 𝑇0 = 300 K is the lowest temperature 

for our selected fitting region (𝑇0 ≤ 𝑇 ≤ 𝑇𝐶 ) where the ferromagnetic interactions play a 

dominating role. From the extended Bloch’s law fitting of the FCW 𝑀(𝑇) data for FeCrRhSi 

(shown in the inset of Fig. 2(a)), we obtained 𝑇𝐶 = (458 ± 1 ) K, which agrees with our 

prediction about the 𝑇𝐶  of this sample. Furthermore, we obtained 𝛽 = 4.22 ± 0.30, which 

corresponds to 3D isotropic exchange interactions with integer spin quantum number (𝛽 =

9/2). [53,55] In order to verify the compatibility of the aforementioned Bloch’s model to our 

EQHAs, we have performed the same fitting of the FCW 𝑀(𝑇) data for FeCrRhGe (shown in 

the inset of Fig. 2(b)), and obtained 𝑇𝐶 = (565 ± 1 ) K and 𝛽 = 4.21 ± 0.10. Thus, the value 

of TC obtained for the FeCrRhGe from the Bloch’s law fit matches closely with the 

experimental value of TC. Furthermore, the obtained value of 𝛽 is close to 𝛽 = 9/2 indicating 

3D isotropic exchange interactions in case of FeCrRhGe alloy as well. [53,55] It is also 

noteworthy that the FCW 𝑀(𝑇) curve for both these samples bifurcate slightly from the ZFCW 

𝑀(𝑇) below 300 K. Moreover, ZFCW and FCW 𝑀(𝑇) for both these samples decrease slowly 

with decreasing temperature up to T = 50 K below which both ZFCW and FCW 𝑀(𝑇) show a 

slope change. Such behavior of the ZFCW and FCW 𝑀(𝑇) curves has also been observed in 

the semi metallic EQHA CoFeVSb, [20,43] and can be associated with the coexistence of 

energetically competing ferromagnetic (FM) and antiferromagnetic (AFM) phases driven by 
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the antisite disorder present in the FeCrRhSi and FeCrRhGe samples [44,45]. Such antisite 

disorder mediated concomitance of energetically competing magnetic phases is responsible for 

the bifurcation in ZFCW and FCW 𝑀(𝑇), [20,43] which is more pronounced below 50 K for 

both samples. Previous ab-initio calculations suggest that both long-range super-exchange 

AFM interactions between the Cr atoms and the antisite disorder between Fe and Rh atoms 

contribute to the resulting AFM interactions [44,45]. It is also worth noting that the 𝑀(𝑇) 

values are consistently higher in FeCrRhGe (Fig. 2(b)) than in FeCrRhSi (Fig. 2(a)) at all 

temperatures and under the same applied magnetic field strength. 

  

 Main panels of Figs. 2(c) and (d) demonstrate the magnetic field dependence of 

magnetization, 𝑀(𝐻) for the FeCrRhSi and FeCrRhGe samples, respectively at T = 300 and 3 

K. The saturation magnetization (𝑀𝑆) at T = 3 K for the FeCrRhSi and FeCrRhGe are 𝑀𝑆 =

2 μB/f. u. and 2.9 μB/f. u., respectively. It is well-known that the magnetic moment of Heusler 

alloys can be predicted by estimating the total number of valence electrons (𝑁𝑉). Since 𝑁𝑉 =

27  for both FeCrRhSi and FeCrRhGe, according to the Slater-Pauling rule, [57] the 

theoretically estimated value of 𝑀𝑆 = (𝑁𝑉 − 24) μB/f. u.  = 3 μB/f. u.  for both samples. 

Therefore, it is evident that the discrepancy between the theoretically estimated and  

experimentally observed 𝑀𝑆 value is greater for FeCrRhSi than for FeCrRhGe. This indirectly 

hints towards a higher degree of inherent antisite disorder in FeCrRhSi, leading to stronger 

competition between the FM and AFM phases, and consequently, enhanced magnetic 

frustration at low temperatures.  
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Figure 2. Temperature dependence of magnetization, 𝑀(𝑇)  of (a) FeCrRhSi and (b) 

FeCrRhGe, measured in the presence of an external magnetic field of 𝜇0𝐻 = 0.05 T under the 

zero-field cooled warming (ZFCW), and field cooled warming (FCW) protocols in the 

temperature range: 10 K ≤ 𝑇 ≤ 390 K. Insets show the Bloch’s law fitting of the FCW 𝑀(𝑇) 

data for FeCrRhSi and FeCrRhGe, respectively. (c, d) Magnetic field dependence of 

magnetization, 𝑀(𝐻) for FeCrRhSi and FeCrRhGe at 300 and 3 K. Insets show their low field 

𝑀(𝐻) behavior at T = 3 K. 

 

To gain a deeper insight into this, we have taken a closer look at the low field behavior 

of the 𝑀(𝐻) loops (−0.1 T ≤ 𝜇0𝐻 ≤ +0.1 T) for both samples at T = 3 K. As shown in the 

insets of Fig. 2(c) and (d), the 𝑀(𝐻) curves exhibit a remarkable low field feature, with a 

pronounced magnetization switching close to the zero field for both the forward and reverse 

branches of the 𝑀(𝐻) loop leading to the appearance of a wasp-waist shaped hysteresis loop. 

Such a behavior has been observed in compensated ferrimagnetic Fe100−xGdx alloy films [58], 

magnetic shape memory alloy Ni50Mn34In16, [59] magnetically inhomogeneous Mn3GaC [60], 
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EQHA CrRuMnGe [26] etc. Such wasp-waist shaped 𝑀(𝐻) loops in the low field regime for 

our FeCrRhSi and FeCrRhGe samples at low temperatures are likely to arise from the magnetic 

field-induced metamagnetic transition from the AFM to the FM state. Notably, the critical field 

for this metamagnetic transition (𝐻𝐶𝑀) is higher in the FeCrRhSi sample (𝐻𝐶𝑀 ≈ ± 0.068 T) 

compared to the FeCrRhGe sample (𝐻𝐶𝑀 ≈ ± 0.042 T). This suggests a stronger AFM phase 

fraction in FeCrRhSi, which explains the greater suppression of magnetization in FeCrRhSi 

than in FeCrRhGe at low temperatures. 

 

3.3. Electrical and Thermoelectric Transport Properties 

 Main panels of Figs. 3(a) and (b) show the temperature dependence of longitudinal 

electrical resistivity, 𝜌𝑥𝑥(𝑇) for the FeCrRhSi and FeCrRhGe samples, respectively in the 

temperature range: 2 K ≤ 𝑇 ≤ 300 K for FeCrRhSi and 3 K ≤ 𝑇 ≤ 300 K for FeCrRhGe. It 

is evident that 𝜌𝑥𝑥(𝑇) exhibits negative temperature coefficient (
𝜕𝜌𝑥𝑥

𝜕𝑇
< 0) throughout the 

measured temperature range for both samples indicating their semiconducting or semi-metallic 

behavior [44,45]. However, the absence of exponential temperature dependence of 𝜌𝑥𝑥 rules 

out the possibility of the gapped semiconducting nature for both the samples. Furthermore, the 

order of magnitude and the temperature dependence of 𝜌𝑥𝑥 resemble those of semi-metallic 

systems [44,45]. Interestingly, 𝜌𝑥𝑥(𝑇)  curves for these samples exhibits an evident slope-

change at low temperatures (see insets of Fig. 3(a) and (b)), followed by a resistivity upturn 

with further lowering of temperature. Such resistivity upturn at low temperatures has been 

observed in various Heusler alloy systems e.g., the full Heusler alloys Fe2VAl1−xSix, [61] 

Fe2−xCrxVal, [62] etc., which usually arises as a result of scattering of conduction electrons by 

the localized magnetic impurity potential. This phenomenon is recognized as the Kondo-like 

scattering [63] which is experimentally manifested as a minimum in 𝜌𝑥𝑥(𝑇) with a −ln 𝑇 

dependence just below the minimum. Notably, while the resistivity upturn in FeCrRhSi appears 
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below 20 K that for FeCrRhGe appears below 10 K indicating stronger Kondo-like scattering 

in FeCrRhSi in comparison to FeCrRhGe. 

 

Figure 3. Temperature dependence of longitudinal resistivity, 𝜌𝑥𝑥(𝑇) for (a) FeCrRhSi and (b) 

FeCrRhGe fitted with the expression: 𝜌𝑥𝑥(𝑇) =  𝜌0 − 𝜌𝐾𝑙𝑛𝑇 + 𝜌𝑒−𝑝ℎ𝑇
5 + 𝜌𝑒−𝑒𝑇

2 in the low 

temperature region (insets). Temperature dependence of longitudinal Seebeck coefficient 𝑆𝑥𝑥 

for (c) FeCrRhSi and (d) FeCrRhGe. 

 

 To gain a deeper insight into the electrical transport properties of these FeCrRhSi and 

FeCrRhGe EQHAs at low temperatures, we have analyzed the 𝜌𝑥𝑥(𝑇)  data, considering 

different bulk scattering mechanisms. The temperature dependence of 𝜌𝑥𝑥  of a disordered 

conducting magnetic system can be expressed as a linear combination of several contributions, 

𝜌𝑥𝑥(𝑇) =  𝜌0 + 𝜌𝑥𝑥
𝐾 (𝑇) + 𝜌𝑥𝑥

𝑖𝑛−𝑒𝑙(𝑇)  [64,65]. Here, 𝜌0  accounts for the temperature 

independent residual resistivity, 𝜌𝑥𝑥
𝐾 (𝑇) represents the Kondo-like scattering (i.e., 𝜌𝑥𝑥

𝐾 (𝑇) =

−𝜌𝐾𝑙𝑛𝑇), [61] and 𝜌𝑥𝑥
𝑖𝑛−𝑒𝑙 indicates the combined contribution of various inelastic scattering 

channels, e.g., electron-electron (𝜌𝑥𝑥
𝑒−𝑒) , electron-phonon (𝜌𝑥𝑥

𝑒−𝑝ℎ) , and electron-magnon 

(𝜌𝑥𝑥
𝑒−𝑚)  scatterings, etc. [65] The electron-electron scattering originates from the inelastic 
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collision between the s-electrons and d-electrons and typically shows a 𝑇2 dependence (i.e., 

𝜌𝑥𝑥
𝑒−𝑒(𝑇) =  𝜌𝑒−𝑒𝑇

2 ). [66,67] On the other hand, the contribution of electron-magnon or, 

single-magnon scattering also shows a 𝑇2  dependence (i.e., 𝜌𝑥𝑥
𝑒−𝑚(𝑇) =  𝜌𝑒−𝑚𝑇2 ) [65]. 

However, similar to the half metallic ferromagnets, since there is a gap in the DOS for the 

minority spin sub-band, only one spin channel (majority spin-up channel) contributes to the 

electrical transport in case of spin-semimetals, and hence single-magnon scattering can be ruled 

out [68]. Therefore, we have neglected the contribution of single-magnon scattering in our 

analysis. Finally, the electron-phonon scattering contribution towards 𝜌𝑥𝑥 is typically governed 

by the Bloch-Grüneisen model, [65,69,70] 𝜌𝑥𝑥
𝑒−𝑝ℎ(𝑇) = 𝜌𝐵𝐺 (

𝑇

𝜃𝐷
)
𝑚

∫
𝑒𝑥𝑥𝑚𝑑𝑥

(𝑒𝑥−1)2

𝜃𝐷
𝑇

0
.  Here, 𝜌𝐵𝐺  is a 

constant pre-factor, 𝜃𝐷  is the Debye temperature, and 𝑚   is a constant exponent which is 

usually ≈ 5  for a conducting material. For the sake of simplicity, we have considered, 

𝜌𝑥𝑥
𝑒−𝑝ℎ(𝑇) = 𝜌𝑒−𝑝ℎ𝑇

5. Considering the aforesaid scattering mechanisms, the 𝜌𝑥𝑥(𝑇) data was 

found to fit well with the expression, [71] 𝜌𝑥𝑥(𝑇) =  𝜌0 − 𝜌𝐾𝑙𝑛𝑇 + 𝜌𝑒−𝑝ℎ𝑇
5 + 𝜌𝑒−𝑒𝑇

2 in the 

temperature regions: 2 K ≤ 𝑇 ≤ 20 K  for FeCrRhSi and 3 K ≤ 𝑇 ≤ 10 K  for FeCrRhGe, 

respectively. The fitting parameters for both the samples are presented in Table 1. It is evident 

that the contribution of the Kondo-like scattering in  𝜌𝑥𝑥 is higher in the FeCrRhSi alloy in 

comparison to the FeCrRhGe alloy, which agrees with our experimental observation of (1) 

stronger upturn in 𝜌𝑥𝑥(𝑇)  in case of FeCrRhSi in contrast to that in FeCrRhGe and (2) 

appearance of the upturn in 𝜌𝑥𝑥(𝑇) at a higher temperature in FeCrRhSi in comparison to 

FeCrRhGe. Nonetheless, the enhanced Kondo-like scattering in FeCrRhSi may arise from the 

higher degree of antisite disorder in FeCrRhSi as compared to FeCrRhGe. [72] It is also 

noteworthy that the contribution of electron-phonon scattering towards electrical transport is 

higher in FeCrRhGe compared to FeCrRhSi. 
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Next, we discuss the longitudinal thermoelectric transport properties of the FeCrRhSi 

and FeCrRhGe samples. Figures 3(c) and (d) display the temperature dependence of 

longitudinal charge Seebeck coefficient, 𝑆𝑥𝑥(𝑇) for the FeCrRhSi and FeCrRhGe samples, 

respectively. Evidently, the sign of 𝑆𝑥𝑥(𝑇) is negative throughout the measured temperature 

range for both FeCrRhSi and FeCrRhGe samples indicating that electrons are the majority 

carriers for the thermally driven charge transport in these samples. Notably, the absolute values 

of 𝑆𝑥𝑥(𝑇) are slightly higher in FeCrRhSi than in FeCrRhGe at all temperatures, which is in 

agreement with a previous report [38]. Although the absolute value of 𝑆𝑥𝑥 decreases gradually 

with decreasing the temperature for both these samples, the behavior of the 𝑆𝑥𝑥(𝑇) curve for 

FeCrRhSi is strikingly different from that of FeCrRhGe. While the slope of the 𝑆𝑥𝑥(𝑇) curve 

increases gradually with decreasing temperature for FeCrRhSi, FeCrRhGe exhibits a reverse 

trend. Nevertheless, 𝑆𝑥𝑥(𝑇) curves for both samples display a change of slope around 100 K, 

which is more pronounced in the FeCrRhSi alloy. In this context, it is also noteworthy that the 

observed negative sign of 𝑆𝑥𝑥(𝑇) in both these alloys contradicts the positive sign of ordinary 

Hall coefficients found in these alloys [44,45]. This apparent inconsistency between the 

Seebeck coefficient and Hall resistivity has also been noticed in other Heusler alloys e.g., 

Co2MnGa [7], Fe-Based Heusler Compounds such as Fe2NiAl [37]. These alloys also exhibit 

positive Hall coefficient but negative sign of Seebeck coefficient. We found that not only these 

but also the simplest metal like Lithium with negative charge carriers (electrons) shows positive 

Seebeck coefficient [73]. Using first principle calculations, it was shown that the sign of the 

Seebeck coefficient is determined by the energy dependence of the electron lifetime (which is 

generically proportional to the inverse of the electronic density of states) rather than the 

electron-phonon interactions [73]. Therefore, in order to explain the anomalous sign of the 

Seebeck coefficient in our FeCrRhSi and FeCrRhGe samples, detailed ab initio calculations 

within the framework of Boltzmann’s transport theory need to be performed. 
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Parameters FeCrRhSi FeCrRhGe 

𝝆𝟎 (𝛍𝛀. 𝐜𝐦) (328 ± 0.07) (253 ± 0.02) 

𝝆𝑲 (𝛍𝛀. 𝐜𝐦) (1.65 ± 0.05) (0.85 ± 0.2) 

𝝆𝒆−𝒑𝒉 (𝛍𝛀. 𝐜𝐦.𝐊−𝟓) (1.48 ± 0.5) × 10−8 (6.8 ± 0.7) × 10−7 

𝝆𝒆−𝒆 (𝛍𝛀. 𝐜𝐦.𝐊−𝟐) (1.45 ± 0.06) × 10−3 (2.09 ± 1) × 10−3 

𝒗𝑺 (m. s-1) 3050 4596 

𝝀𝑷𝒉 (nm) 11.4 19.2 

𝜹 188 152 

A (s3) (0.85 ±  0.1)  ×  10−43 (4.05 ±  0.1)  ×  10−43 

B (s. K-1) (1.12 ±  0.05)  × 10−22 (0.6 ±  0.2)  × 10−22 

C (s) (2.78 ±  0.1)  ×  10−15 (2.52 ±  0.5)  ×  10−15 

𝜽𝑫 (K) (370 ±  10) (498 ±  10) 

 

Table 1. List of parameters obtained by fitting the 𝜌𝑥𝑥(𝑇) and 𝜅𝐿(𝑇) data for the FeCrRhSi 

and FeCrRhGe alloys. 

 

3.4. Thermal conductivity and thermoelectric figure of merit 

Next, we shed some light on the longitudinal thermal transport properties of these 

samples. The left vertical axes of Figs. 4(a) and (b) represent the temperature dependence of 

total longitudinal thermal conductivity, 𝜅𝑇𝑜𝑡(𝑇) in the temperature range: 5 K ≤ 𝑇 ≤ 300 K 

for the FeCrRhSi and FeCrRhGe samples, respectively. The right vertical axes, on the other 

hand, display the thermoelectric figure of merit, 𝑍𝑇 =
𝑆𝑥𝑥
2

𝜅𝑇𝑜𝑡𝜌𝑥𝑥
𝑇 [74] for the same two samples. 

Note that 𝑍𝑇 at 300 K is higher in FeCrRhSi (𝑍𝑇 ≈ 0.005) in comparison to that of FeCrRhGe 

(𝑍𝑇 ≈ 0.003), which is in agreement with earlier reports on 𝑍𝑇 for these two samples. [38] In 

general, 𝜅𝑇𝑜𝑡(𝑇) can be expressed as, 𝜅𝑇𝑜𝑡(𝑇) =  𝜅𝑒𝑙(𝑇) + 𝜅𝐿(𝑇), where, 𝜅𝑒𝑙(𝑇) and 𝜅𝐿(𝑇) 
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are the electronic and lattice contribution to the total thermal conductivity respectively. Since 

𝑇𝐶  of FeCrRhSi and FeCrRhGe is well above 400 K, we have neglected the magnon 

contribution towards 𝜅𝑇𝑜𝑡 for both the samples, as the magnons contribute only ≈ 5 − 10 % 

of 𝜅𝑇𝑜𝑡  around 𝑇𝐶  in majority of the magnetic conductors/semiconductors [75]. The left 

vertical axes of Figs. 4(c) and (d) display 𝜅𝑒𝑙(𝑇) for FeCrRhSi and FeCrRhGe, respectively, 

estimated using the Wiedemann-Franz law: 𝜅𝑒𝑙(𝑇) =
𝐿0𝑇

𝜌𝑥𝑥
 , where, 𝐿0 =

𝜋2𝑘𝐵
2

3𝑒2 = 2.44 ×

10−8 W. Ω. Κ−1 is the Lorenz number for free electrons (degenerate limit) [76], and 𝜌𝑥𝑥(𝑇) are 

the measured values of resistivity. It is important to note that 𝐿0 for semiconductors with high 

value of 𝑆𝑥𝑥 deviates from the degenerate limit and becomes temperature dependent. In order 

to account for such deviations, a modified temperature dependent 𝐿0 was proposed, which can 

be expressed as, [77] 𝐿0(𝑇) = 1.5 + exp [−|𝑆𝑥𝑥(𝑇)|/116]  W. . K-1. Therefore, we have 

estimated 𝜅𝑒𝑙(𝑇) for both the samples using the expression: 𝜅𝑒𝑙(𝑇) =
[1.5+exp{−|𝑆𝑥𝑥(𝑇)|/116} ]𝑇

𝜌𝑥𝑥
. 

The right vertical axes of Figs. 4(c) and (d) depict 𝜅𝐿(𝑇) for the FeCrRhSi and FeCrRhGe 

samples, respectively estimated using the expression: 𝜅𝐿(𝑇) =  𝜅𝑇𝑜𝑡(𝑇) − 𝜅𝑒𝑙(𝑇). Notably, 

𝜅𝐿(𝑇) for FeCrRhSi exhibits a sharp maximum at/around ≈ 100 K whereas a comparatively 

broad shoulder at ≈ 125 K for FeCrRhGe. 

 

To analyze the contributions of different phonon scattering processes towards the lattice 

thermal conductivity, we fitted 𝜅𝐿(𝑇) for FeCrRhSi and FeCrRhGe with the Debye-Callaway 

model, [78,79] 

𝜅𝐿(𝑇) =  
𝑘𝐵

2𝜋2𝑣𝑆
(
2𝜋𝑘𝐵𝑇

ℎ
)
3

∫
𝜏𝐿𝑡4𝑒𝑡

(𝑒𝑡−1)2

(𝜃𝐷 𝑇⁄ )

0
𝑑𝑡                                      (1) 

Here, 𝑣𝑆 is the average phonon velocity, 𝑡 =
ℏ𝜔

𝑘𝐵𝑇
, 𝜔 is the phonon frequency, and 𝜏𝐿 is the total 

phonon relaxation-time. Here, the reciprocal of 𝜏𝐿 can be written as a linear combination of 
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different phonon scattering processes as,  𝜏𝐿
−1 = 𝜏𝐵

−1 + 𝜏𝐷
−1 + 𝜏𝑈

−1 + 𝜏𝑒−𝑝ℎ
−1 ; where, 𝜏𝐵

−1, 𝜏𝐷
−1, 

𝜏𝑈
−1 and 𝜏𝑒−𝑃ℎ

−1  represent the reciprocal of the relaxation times related to the phonon-boundary 

scattering, phonon scattering process by point defects, the Umklapp, and the electron-phonon 

scattering process, respectively [80]. For diffusive boundary scattering, 𝜏𝐵
−1 = 

𝑣𝑆

𝛿.𝜆𝑃ℎ
, where 

𝜆𝑃ℎ is the mean free path of phonons and 𝛿 is the correction factor associated with the phonon 

scattering processes at the grain boundaries. For a polycrystalline sample, 𝜆𝑃ℎ ≈ the average 

grain size, or the particle size. For scattering of phonons by point defects, 𝜏𝐷
−1 =  𝐴𝜔4where 

the parameter 𝐴 is a constant pre-factor that depends on the mass-fluctuation scattering and 

phonon speed [81]. The relaxation time for the three-phonon Umklapp process in Callaway’s 

model is expressed as, [82] 𝜏𝑈
−1 = 𝐵′𝜔2𝑇3𝑒−(𝜃𝐷 𝑇⁄ ) . However, after comparing the thermal 

conductivities of different crystals, Slack et al., [83,84] proposed the modified expression for 

the relaxation time for the Umklapp scattering process as [82,83], 𝜏𝑈
−1 = 𝐵𝜔2𝑇𝑒−(𝜃𝐷 3𝑇⁄ ) , 

where 𝐵  is a constant pre-factor. Relaxation time associated with the electron-phonon 

scattering process takes the form, 𝜏𝑒−𝑃ℎ
−1 =  𝐶𝜔2 [85]. We have considered the reported values 

of 𝑣𝑆 = 3050 m. s-1 and 4596 m. s-1 for FeCrRhSi and FeCrRhGe, respectively [38], which are 

also close to the average 𝑣𝑆 reported for other EQHAs, e.g., CoFeVSb, [20] CrRuCoGe and 

CrRuMnGe, [26] etc. Our XRD analysis revealed that the average grain size, 𝐷 =

(11.4 ± 1.0) nm and (19.2 ± 2.0) nm for FeCrRhSi and FeCrRhGe, respectively. Therefore, 

we have considered 𝜆𝑃ℎ = 11.4 nm and 19.2 nm for the two alloy systems, and the best fits 

were obtained for  𝛿 = 188   (152) for FeCrRhSi (FeCrRhGe). The values of the fitting 

parameters for FeCrRhSi and FeCrRhGe are shown in Table 1.  
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Figure 4. Temperature dependence of the total thermal conductivity, 𝜅𝑇𝑜𝑡 (left vertical scale) 

and thermoelectric figure of merit, ZT (right vertical scale) for (a) FeCrRhSi and (b) FeCrRhGe. 

Temperature dependence of the electronic thermal conductivity, 𝜅𝑒𝑙 (left vertical scale) and 

lattice thermal conductivity, 𝜅𝐿 (right vertical scale) for (c) FeCrRhSi and (d) FeCrRhGe. 

 

Generally, while the Umklapp scattering process is crucial at high temperatures, the 

phonon-boundary scattering plays a dominating role at low temperatures. [86] On the contrary, 

point-defect scattering becomes a dominating factor in the intermediate temperature regime 

and hence, strongly determines the shape and position of the phonon peak/maximum. [86] The 

point defect scattering has two main contributions: mass fluctuations and strain field scatterings. 

In other words, significant differences in atomic masses, atomic radii and, interatomic coupling 

forces between the constituent atoms, or, between the host and impurity atoms can strongly 

influence the relaxation time for point defect scattering. [82] It is known that Ge has ≈ 2.6 times 

higher atomic mass and nearly ≈ 1.04 times larger atomic radius than Si. Therefore, a 

significant difference in the relaxation time for point defect scattering is expected between 

FeCrRhSi and FeCrRhGe. From our fitting we observed that the parameter 𝐴 is nearly 4 times 

larger in FeCrRhGe than in FeCrRhSi. In another Heusler system, Fe2Va1-xSix, the parameter 
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𝐴 is reported to increase monotonically with increasing Si doping, where Si has slightly higher 

atomic mass than Al. [86] It was also mentioned that not only the atomic mass fluctuations but 

also lattice imperfections introduced by Si doping can play an important role towards the 

enhanced point defect scattering. However, for a more concrete explanation for the large 

difference in the parameter 𝐴  between FeCrRhSi and FeCrRhGe, a rigorous theoretical 

calculation is needed to estimate the individual contribution of the mass fluctuations and strain 

field scattering contributions. On the other hand, the observed difference in the parameter 𝐵 

between the FeCrRhSi and FeCrRhGe alloys can be due to the fact that the Umklapp scattering 

process plays a dominating role at high temperatures whereas the measurement/fitting was 

limited to 𝑇 ≪  𝜃𝐷  for FeCrRhGe. Since FeCrRhGe has higher 𝜃𝐷  than FeCrRhSi, a more 

accurate value of the parameter 𝐵 could be obtained if the measurement/fitting limit could have 

been extended to higher temperatures (𝑇 ≥  𝜃𝐷). 

 

3.5. Transverse magneto-thermoelectric transport: Anomalous Nernst effect 

Next, we discuss the transverse magneto-thermoelectric transport properties of 

FeCrRhSi and FeCrRhGe. The schematic illustration of the experimental geometry used for 

these measurements is shown in Fig. 5(a). [87] In presence of the temperature gradient applied 

along the thickness of the sample, (𝑦 -direction), a temperature difference, ∆𝑇 =  (𝑇𝐻𝑜𝑡 −

𝑇𝐶𝑜𝑙𝑑) between the bottom (hot) and top (cold) copper plates is generated, where, 𝑇𝐻𝑜𝑡 and 

𝑇𝐶𝑜𝑙𝑑  are the temperatures of the hot and cold copper plates, respectively. Because of this 

temperature difference between the bottom and top copper plates, the sample surface which is 

in contact with the bottom copper plate will have a higher temperature than the surface that is 

in contact with the top copper plate. In presence of this temperature difference between the 

opposite surfaces of the sample along its thickness, and an external DC magnetic field applied 



  

22 
 

along the 𝑥-direction, a transverse anomalous Nernst voltage is induced in the sample along 

the 𝑧-direction.  

 

Figure 5. (a) Schematic illustration of the anomalous Nernst measurement configuration using 

our spincaloritronic set up. Magnetic field dependence of the anomalous Nernst voltage, 

𝑉𝑧
𝐴𝑁𝐸(𝐻) for different values of ∆𝑇 in the range: +5 K ≤ ∆𝑇 ≤ +15 K at T = 295 K for (b) 

FeCrRhSi and (c) FeCrRhGe. The background corrected anomalous Nernst voltage, 

𝑉𝑧
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡) =  [

𝑉𝑧
𝐴𝑁𝐸(+𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑧

𝐴𝑁𝐸(−𝜇0𝐻𝑠𝑎𝑡)

2
]  as a function of ∆𝑇  are shown for (d) 

FeCrRhSi and (e) FeCrRhGe. 

 

Figures. 5(b) and (c) demonstrate the magnetic field dependence (𝜇0𝐻)  of the 

anomalous Nernst voltage, 𝑉𝑧
𝐴𝑁𝐸(𝜇0𝐻) for different values of ∆𝑇 in the range: +5 K ≤ ∆𝑇 ≤

+15 K for the FeCrRhSi and FeCrRhGe, respectively at a fixed average sample temperature 

𝑇 =  
𝑇𝐻𝑜𝑡+𝑇𝐶𝑜𝑙𝑑

2
 = 295 K. Clearly, the 𝑉𝑧

𝐴𝑁𝐸(𝐻) signal strength increases with increasing ∆𝑇 

for both the samples, which is in agreement with the fact that the transverse electric field 

induced by the ANE (𝑬𝒛
𝑨𝑵𝑬⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ) is related to the applied temperature gradient (𝛁𝑻⃗⃗⃗⃗  ⃗) through the 
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expression, [13] 𝑬𝒛
𝑨𝑵𝑬⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ∝ (𝜇0𝑴⃗⃗⃗ × −𝛁𝑻⃗⃗⃗⃗ ⃗⃗ ⃗⃗  ⃗), where 𝑴⃗⃗⃗  is the magnetization vector of the sample 

under consideration. Figs. 5(d) and (e) show the Δ𝑇-dependence of the background corrected 

antisymmetrized anomalous Nernst voltage, 𝑉𝑧
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡) =  [

𝑉𝑧
𝐴𝑁𝐸(+𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑧

𝐴𝑁𝐸(−𝜇0𝐻𝑠𝑎𝑡)

2
] 

for the FeCrRhSi and FeCrRhGe samples, respectively at T = 295 K, where 𝜇0𝐻 = 𝜇0𝐻𝑠𝑎𝑡  is 

the saturation magnetic field. It is evident that 𝑉𝑧
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡) for both the samples varies 

linearly with ∆𝑇, indicating intrinsic contribution of the thermally induced ANE in FeCrRhSi 

and FeCrRhGe  [23,27]. 

 

To understand the temperature evolution of the ANE and its underlying mechanism in 

these samples, we show the 𝑉𝑧
𝐴𝑁𝐸(𝐻) curves for FeCrRhSi and FeCrRhGe in Fig. 6(a) and Fig. 

6(b), respectively at selected average sample temperatures in the range 130 K ≤ 𝑇 ≤ 295 K 

for a fixed value of ∆𝑇 = +15 K. It is evident from both Fig. 6(a) and Fig. 6(b) that 𝑉𝑧
𝐴𝑁𝐸(𝐻) 

signal strength for both FeCrRhSi and FeCrRhGe alloys decreases with decreasing temperature. 

To have a better visualization of the temperature evolution of the ANE signal in FeCrRhSi and 

FeCrRhGe, the estimation of the anomalous Nernst coefficient, 𝑆𝑧𝑦
𝐴𝑁𝐸  (defined as, [25,88] 

𝑆𝑧𝑦
𝐴𝑁𝐸 = [𝐸𝑧

𝐴𝑁𝐸 (∇𝑦𝑇)⁄ ]) at each temperature is required. 𝑆𝑧𝑦
𝐴𝑁𝐸 at a given temperature can be 

accurately estimated using the expression, [9,23,27]  𝑆𝑧𝑦
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) = (

𝑉𝑧
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡)

 ∆𝑇𝑒𝑓𝑓
) ×

(
𝐿𝑦

𝐿𝑧
) =  [

𝑉𝑧
𝐴𝑁𝐸(+𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑧

𝐴𝑁𝐸(−𝜇0𝐻𝑠𝑎𝑡)

2∆𝑇𝑒𝑓𝑓
] × (

𝐿𝑦

𝐿𝑧
). Here, 𝐿𝑦 (≈ 1.2 mm for FeCrRhSi and ≈ 1 mm 

for FeCrRhGe) is the thickness of the sample, 𝐿𝑧 (≈ 3 mm) is the distance between the voltage 

probes for the ANE measurements and, ∆𝑇𝑒𝑓𝑓 = (𝑇1 − 𝑇2)  represents the effective 

temperature difference between the two opposite isothermal surfaces of the sample, one of 

which is in contact with the hot copper plate and the other one with the cold copper plate, as 
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shown in Fig. 7(a). Here, 𝑇1 (𝑇2) is the temperature of the sample surface which is in contact 

with the hot (cold) copper plate.  

 

Figure 6. Magnetic field dependence of the anomalous Nernst voltage, 𝑉𝑧
𝐴𝑁𝐸(𝐻)  for (a) 

FeCrRhSi and (b) FeCrRhGe, at selected temperatures in the range 140 K ≤ 𝑇 ≤ 295 K for 

fixed ∆𝑇 = +15 K. Magnetic field dependence of anomalous Hall resistivity 𝜌𝑧𝑦
𝐴𝐻𝐸(𝐻) for (c) 

FeCrRhSi and (d) FeCrRhGe at selected temperatures in the range: 140K ≤ 𝑇 ≤ 295 K. 

 

Note that the applied thermal gradient is dropped not only across the samples under 

consideration, but also across the N-grease layers on both sides of the samples, at the interface 

between the hot/cold copper plates and the N-grease layers as well as at the interface between 

the sample surfaces and the N-grease layers, and hence ∆𝑇𝑒𝑓𝑓  ≠  ∆𝑇 . Therefore, for an 

accurate determination of 𝑆𝑧𝑦
𝐴𝑁𝐸 , a careful estimation of ∆𝑇𝑒𝑓𝑓  is of utmost importance. 

According to Fig. 7(a), the total thermal resistance across the entire system can be written as, 

𝑅𝑇 = (
𝐿FeCrRhX

𝜅FeCrRhX
+

2𝐿N−Grease

𝜅N−Grease
+ 2𝑅𝑖𝑛𝑡

𝐶𝑢−𝑁 + 2𝑅𝑖𝑛𝑡
FeCrRhX−𝑁) , where 𝐿FeCrRhX  and 𝜅FeCrRhX  are 
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the thickness and the thermal conductivity of the FeCrRh𝑋 (𝑋 = Si, Ge) alloys, and  𝐿N−Grease 

and 𝜅N−Grease are the thickness and thermal conductivity of the N-grease layers, 𝑅𝑖𝑛𝑡
𝐶𝑢−𝑁 is the 

interfacial thermal resistance between the N-grease and hot/cold copper plates, and 𝑅𝑖𝑛𝑡
FeCrRhX−𝑁 

is the interfacial thermal resistance between the N-grease and the FeCrRh𝑋 samples. Note that 

the purpose of using the Apiezon N grease is to reduce interfacial thermal resistance between 

the sample surface and hot/cold copper plates, as the Apiezon N grease is regarded very 

efficient thermal bonding agent compared to other Si or copper based thermal bonding 

agents. [89] As seen in Fig. 7(b), 𝜅N−Grease is comparable to 𝜅FeCrRhX in contrast to the large 

difference in thermal conductivities between copper (≈ 400 W/(m. K) at room temperature) and 

the Apiezon N grease (≈ 0.25 W/(m. K) at room temperature) as well as the FeCrRh𝑋 alloys 

(≈ 3 - 4.5 W/(m. K) at room temperature). Hence, 𝑅𝑖𝑛𝑡
FeCrRhX−𝑁 is very small compared to 𝑅𝑖𝑛𝑡

𝐶𝑢−𝑁. 

Furthermore, interfacial thermal resistance is known to decrease with decreasing the mean 

surface roughness. [90] Since our sample surfaces are highly polished, the interfacial thermal 

resistance between the sample surfaces and N-grease is reduced further. Additionally, the 

interfacial thermal resistance is reported to decrease with increasing the applied contact 

pressure. [90] In our ANE measurement set up, the samples are tightly sandwiched between 

the hot/cold copper plates by tightening the Mo screws which apply sufficient contact pressure 

at the interfaces between sample surfaces and N-grease. Therefore, we believe that the 

interfacial thermal resistance between the Apiezon N-grease and sample surfaces is negligible 

for our ANE measurements, and hence, 𝑅𝑖𝑛𝑡
FeCrRhX−𝑁 ≈ 0 . Therefore, considering the 

temperature drop across the sample, the N-grease layers and at the interface between the 

hot/cold copper plates and N-grease layers, the total thermal resistance becomes, 𝑅𝑇 =

 (
𝐿FeCrRhX

𝜅FeCrRhX
+

2𝐿N−Grease

𝜅N−Grease
+ 2𝑅𝑖𝑛𝑡

𝐶𝑢−𝑁). In the steady state, the heat flux is constant throughout the 

system, and we can write, 
∆𝑇

𝑅𝑇
= 𝜅FeCrRhX (

∆𝑇𝑒𝑓𝑓

𝐿FeCrRhX
) . Alternatively, ∆𝑇𝑒𝑓𝑓 can be expressed as, 
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∆𝑇𝑒𝑓𝑓 = 
𝛥𝑇

 [1+{2𝑅𝑖𝑛𝑡
𝐶𝑢−𝑁+(

2𝐿N−Grease
𝜅N−Grease

)}.(
𝜅FeCrRhX
𝐿FeCrRhX

)]
. The interfacial thermal conductance between Cu-

foil and Apiezon N-grease for less than 1kPa applied pressure is reported to be around 10,000 

W/(m2.K) in the temperature range 100 K ≤ 𝑇 ≤ 300 K, [91]  indicating an interfacial thermal 

resistance of 𝑅𝑖𝑛𝑡
𝐶𝑢−𝑁 ≈ 1 × 10−4  (m2.K)/W. Using the reported values of the temperature 

dependence of 𝜅N−Grease, [92] and considering 𝐿N−Grease ≈ 10 μm, [26] 𝐿FeCrRhX = 𝐿𝑦 ≈ 1.2 

mm for FeCrRhSi and ≈ 1 mm for FeCrRhGe, we determined the temperature dependence of 

∆𝑇𝑒𝑓𝑓 for both the samples.  

 

Figure 7. (a) Heat flow and the temperature gradient across the sample. (b) Temperature 

dependences of the total thermal conductivities, 𝜅N−Grease(𝑇), 𝜅FeCrRhSi(𝑇) and 𝜅FeCrRhGe(𝑇). 

(c) Temperature dependence of the effective temperature gradient ∆𝑇𝑒𝑓𝑓(𝑇) for FeCrRhSi and 

FeCrRhGe for a fixed ∆𝑇 = +15 K. 

 

Figure 7(b) displays the temperature dependences of 𝜅N−Grease and 𝜅FeCrRhX, where 

𝜅N−Grease(𝑇) was obtained by interpolating the reported values of the temperature dependence 

of 𝜅N−Grease  [92]. The estimated temperature profiles of ∆𝑇𝑒𝑓𝑓  for the FeCrRhSi and 

FeCrRhGe samples are shown in Fig. 7(c). Using the estimated values of ∆𝑇𝑒𝑓𝑓(𝑇), we have 



  

27 
 

determined the temperature dependences of the background-corrected antisymmetrized 

anomalous Nernst coefficient (𝑆𝑦𝑧
𝐴𝑁𝐸)  which was previously defined as, [9,23,27] 

𝑆𝑧𝑦
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) =  [

𝑉𝑧
𝐴𝑁𝐸(+𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑧

𝐴𝑁𝐸(−𝜇0𝐻𝑠𝑎𝑡)

2∆𝑇𝑒𝑓𝑓
] × (

𝐿𝑦

𝐿𝑧
), as demonstrated in Figs. 8(a) and 

8(b) for the FeCrRhSi and FeCrRhGe samples, respectively. Here, the estimated values of 

𝑆𝑧𝑦
𝐴𝑁𝐸 for the FeCrRhSi and FeCrRhGe samples at T = 295 K are (0.272 ± 0.02) μV. K−1 and, 

(0.295 ± 0.02) μV. K−1, respectively. To the best of our knowledge, these values of 𝑆𝑧𝑦
𝐴𝑁𝐸 for 

the FeCrRhSi and FeCrRhGe samples are the highest among all the other EQHAs, e.g., 

CrRuCoGe (≈ 0.058 μV. K−1 ) , [26] the semi-metallic Heusler alloy CoFeVSb (≈

0.039 μV. K−1), [20] the spin gapless semiconductor CoFeCrGa (≈ 0.018 μV. K−1), [12] etc. 

A more detailed comparison with different Heusler alloys and a range of other magnetic 

materials is discussed later. As seen in Fig. 8(a), while 𝑆𝑧𝑦
𝐴𝑁𝐸 for the FeCrRhSi sample first 

increases slowly with decreasing temperature in the range: 250 K ≤ 𝑇 ≤ 295 K, it shows a 

slope change around 250 K which is followed by a monotonic decrease below 250 K down to 

the lowest measured temperature. On the other hand, 𝑆𝑧𝑦
𝐴𝑁𝐸 for the FeCrRhGe sample decreases 

monotonically with decreasing temperature throughout the measured temperature range, as 

displayed in Fig. 8(b). 

 

3.6. Discussion 

Now let us give some insight into the origins of the observed behavior of 

𝑆𝑧𝑦
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) in the two samples, for which we need to understand the correlation between 

𝑆𝑧𝑦
𝐴𝑁𝐸 and other fundamental transport parameters. Thermoelectric effects can be understood  

from the general expression of charge current 𝑱  flowing under the influence of an electric field 

𝑬⃗⃗  in the presence of an external temperature gradient 𝜵𝑻⃗⃗⃗⃗  ⃗ as,  𝑱 =  𝝈̃ ∙ 𝑬⃗⃗ + 𝜶̃ ∙ (−𝛁𝑻⃗⃗⃗⃗  ⃗), where 𝝈̃ 

and 𝜶̃ are the electrical conductivity tensor and thermoelectric conductivity tensor [25,27,31]. 
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Without loss of generality and considering open circuit conditions, i.e.,  𝐽 = 0 , if the 

temperature gradient is applied along the y direction and the external magnetic field is applied 

along the x-direction, in accordance with the right-handed Cartesian coordinate system as 

presented in Fig. 5(a), the transverse component of the electric field can be expressed as, 𝐸𝑧 =

 [(
𝜎𝑦𝑦𝛼𝑧𝑦−𝜎𝑧𝑦𝛼𝑦𝑦

𝜎𝑦𝑦
2 +𝜎𝑧𝑦

2 ) . ∇𝑦𝑇]. [25,27,31] In general, 𝜎𝑦𝑦
2 ≫ 𝜎𝑦𝑧

2 , and 𝜌𝑧𝑦 = −𝜌𝑦𝑧, and 𝜎𝑧𝑦 = −𝜎𝑦𝑧. 

Here, 𝜌𝑦𝑧(𝜎𝑦𝑧) and 𝜌𝑦𝑦(𝜎𝑦𝑦) are Hall resistivity (conductivity) and longitudinal resistivity 

(conductivity) components. Therefore, the transverse electric field becomes, 𝐸𝑧 = [(𝜌𝑦𝑦𝛼𝑧𝑦 +

𝜌𝑧𝑦𝛼𝑦𝑦). ∇𝑦𝑇], where 𝜌𝑦𝑦 = (1 𝜎𝑦𝑦
⁄ ) and 𝜌𝑧𝑦 = −[

 𝜎𝑧𝑦 

𝜎𝑦𝑦
2 +𝜎𝑧𝑦

2 ] ≈ [
− 𝜎𝑧𝑦 

𝜎𝑦𝑦
2 ]. [25,27,31] Therefore, 

considering anomalous components of 𝛼𝑧𝑦  and 𝜌𝑧𝑦 , and using the definition of anomalous 

Nernst coefficient, 𝑆𝑧𝑦
𝐴𝑁𝐸  can be expressed as, [25,31,93] 𝑆𝑧𝑦

𝐴𝑁𝐸 = [𝐸𝑧
𝐴𝑁𝐸 (∇𝑦𝑇)⁄ ] =

(𝜌𝑦𝑦𝛼𝑧𝑦
𝐴 + 𝜌𝑧𝑦

𝐴𝐻𝐸𝛼𝑦𝑦) = [𝜌𝑦𝑦𝛼𝑧𝑦
𝐴 + (

𝜌𝑧𝑦
𝐴𝐻𝐸

𝜌𝑦𝑦
) 𝑆𝑦𝑦] ; where, 𝛼𝑧𝑦

𝐴  is the anomalous off-diagonal 

transverse thermoelectric conductivity (Peltier conductivity), 𝜌𝑧𝑦
𝐴𝐻𝐸  is the anomalous Hall 

resistivity, and 𝑆𝑦𝑦 = 𝜌𝑦𝑦𝛼𝑦𝑦 is the longitudinal Seebeck coefficient in accordance with the 

right-handed Cartesian coordinate system as presented in Fig. 5(a). Now, the resistivity tensor 

in three dimensions can be written as, [88] 𝜌̃ =  [

𝜌𝑥𝑥 𝜌𝑥𝑦 𝜌𝑥𝑧

𝜌𝑦𝑥 𝜌𝑦𝑦 𝜌𝑦𝑧

𝜌𝑧𝑥 𝜌𝑧𝑦 𝜌𝑧𝑧

] . For an isotropic 

polycrystalline material, it is reasonable to assume that 𝜌𝑥𝑥 = 𝜌𝑦𝑦 = 𝜌𝑧𝑧 = 𝜌 =

isotropic longitudinal resistivity  and, 𝜌𝑥𝑦 = 𝜌𝑦𝑧 = 𝜌𝑧𝑥 = 𝜌𝐻 = isotropic Hall resistivity . 

Here 𝜌𝑥𝑦, 𝜌𝑦𝑧 and 𝜌𝑧𝑥 are the Hall resistivity when the magnetic field is applied along the z, x 

and y directions, respectively. Since, in the present study, the external magnetic field is applied 

along the x-direction,  𝜌𝑥𝑦 = 𝜌𝑧𝑥 =  0, and  𝜌𝑦𝑧 = 𝜌𝐻 . For such isotropic polycrystalline 

materials, we can also consider that 𝑆𝑥𝑥 = 𝑆𝑦𝑦 = 𝑆𝑧𝑧 = 𝑆 =

isotropic logitudinal Seebeck coefficient.  Considering all these approximations, the 
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anomalous Nernst coefficient for our polycrystalline FeCrRhSi and FeCrRhGe alloys can be 

expressed as, [25,93] 𝑆𝑧𝑦
𝐴𝑁𝐸 = [𝜌𝑦𝑦𝛼𝑧𝑦

𝐴 + (
𝜌𝑧𝑦

𝐴𝐻𝐸

𝜌𝑦𝑦
) 𝑆𝑦𝑦] = [𝜌. 𝛼𝑧𝑦

𝐴 − 𝑆. (
𝜌𝐻

𝐴𝐻𝐸

𝜌
)] =  [𝜌. 𝛼𝑧𝑦

𝐴 −

𝑆. tan 𝜃𝐻] , where 𝜌𝐻
𝐴𝐻𝐸 = 𝜌𝑦𝑧

𝐴𝐻𝐸 = −𝜌𝑧𝑦
𝐴𝐻𝐸 is the isotropic anomalous Hall resistivity and 

tan 𝜃𝐻 = (
𝜌𝐻

𝐴𝐻𝐸

𝜌
)  is the anomalous Hall angle. It is therefore evident that 𝑆𝑧𝑦

𝐴𝑁𝐸 can be regarded 

as a linear combination of two primary terms. The first term 𝑆1
𝐴𝑁𝐸 = 𝜌. 𝛼𝑧𝑦

𝐴  represents the 

transverse thermoelectric conduction that directly transforms the thermal gradient 𝛁𝒚𝑻 into 

transverse electric current density, 𝑱𝒛
𝑨 = −𝛼𝑧𝑦

𝐴 . 𝛁𝒚𝑻. [25,93,94] On the other hand, the second 

term 𝑆2
𝐴𝑁𝐸 = −𝑆. tan 𝜃𝐻 indicates that the thermally generated charge carrier flow induced by 

the longitudinal thermoelectric effect is transformed into a transverse flow of carriers as a result 

of the anomalous Hall effect (AHE). [93,94] Note that, it is also convenient to express the 

anomalous Hall conductivity (𝜎𝐻
𝐴𝐻𝐸) and the longitudinal electrical conductivity (𝜎) as, [2,7,9] 

𝜎𝐻
𝐴𝐻𝐸 = [

− 𝜌𝐻
𝐴𝐻𝐸 

(𝜌)2 + (𝜌𝐻
𝐴𝐻𝐸)

2 ] ≈ [ 
− 𝜌𝐻

𝐴𝐻𝐸 

(𝜌)2 ] and 𝜎 = [
 𝜌 

(𝜌)2 + (𝜌𝐻
𝐴𝐻𝐸)

2 ] ≈ [ 
1 

𝜌
], respectively, considering 

(𝜌)2 ≫ (𝜌𝐻
𝐴𝐻𝐸)2 . Therefore, 𝑆𝑧𝑦

𝐴𝑁𝐸  can be alternatively expressed as, 𝑆𝑧𝑦
𝐴𝑁𝐸 == [𝜌𝑦𝑦𝛼𝑧𝑦

𝐴 +

(
𝜌𝑧𝑦

𝐴𝐻𝐸

𝜌𝑦𝑦
) 𝑆𝑦𝑦] =  [𝜌. 𝛼𝑧𝑦

𝐴 − 𝑆. (
𝜌𝐻

𝐴𝐻𝐸

𝜌
)] =  [𝜌. 𝛼𝑧𝑦

𝐴 + 𝑆. 𝜌 {
− 𝜌𝐻

𝐴𝐻𝐸 

(𝜌)2 }] = 𝜌. [𝛼𝑧𝑦
𝐴 + 𝑆. 𝜎𝐻

𝐴𝐻𝐸] . 

According to the Mott’s relations, 𝛼𝑧𝑦
𝐴  and 𝑆 can be expressed as energy derivative of 𝜎𝐻

𝐴𝐻𝐸 

and 𝜎  at the 𝐸𝐹  as, [25] (
𝛼𝑧𝑦

𝐴

𝑇
) =

𝜋2𝑘𝐵
2

3𝑒
(
𝜕𝜎𝑧𝑦

𝐴𝐻𝐸

𝜕𝐸
)
𝐸=𝐸𝐹

 and, (
𝑆

𝑇
) =

𝜋2𝑘𝐵
2

3𝑒𝜎
(
𝜕𝜎

𝜕𝐸
)
𝐸=𝐸𝐹

, respectively. 

Now, according to the power law for AHE, 𝜌𝑧𝑦
𝐴𝐻𝐸  depends on 𝜌  through the expression: 

𝜌𝑧𝑦
𝐴𝐻𝐸 = −𝜌𝑦𝑧

𝐴𝐻𝐸 = −𝜌𝐻
𝐴𝐻𝐸 = −𝜆𝜌𝑛, where 𝜆 represents the spin-orbit coupling constant and 𝑛 

is a constant exponent that determines the nature of the underlying mechanism for AHE and 

ANE. When 𝑛 ≈  1, the extrinsic skew scattering is the dominant mechanism, and when 𝑛 ≈

 2 , the intrinsic Berry curvature or, the side jump is the dominating mechanism for the 

anomalous Nernst/Hall transport [6]. Therefore, incorporating the power law for AHE, the 
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expressions for 𝛼𝑧𝑦
𝐴  and 𝑆  can be written as, (

𝛼𝑧𝑦
𝐴

𝑇
) =

𝜋2𝑘𝐵
2

3𝑒
(
𝜕𝜎𝑧𝑦

𝐴𝐻𝐸

𝜕𝐸
)
𝐸=𝐸𝐹

=

−
𝜋2𝑘𝐵

2

3𝑒
(
𝜕𝜎𝑦𝑧

𝐴𝐻𝐸

𝜕𝐸
)
𝐸=𝐸𝐹

= −
𝜋2𝑘𝐵

2

3𝑒
(
𝜕𝜎𝐻

𝐴𝐻𝐸

𝜕𝐸
)
𝐸=𝐸𝐹

= −
𝜋2𝑘𝐵

2

3𝑒
[

𝜕

𝜕𝐸
{
− 𝜌𝐻

𝐴𝐻𝐸 

(𝜌)2 }]
𝐸=𝐸𝐹

=

−
𝜋2𝑘𝐵

2

3𝑒
[

𝜕

𝜕𝐸
{−𝜆𝜌𝑛−2}]

𝐸=𝐸𝐹

and, (
𝑆

𝑇
) = −

𝜋2𝑘𝐵
2

3𝑒𝜌
(
𝜕𝜌

𝜕𝐸
)
𝐸=𝐸𝐹

. Considering all the above mentioned 

expressions, 𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇) can be transformed into the following equation, [2,27] 

𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇)  =  𝜌𝑛−1 [

𝜋2𝑘𝐵
2𝑇

3𝑒
(
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

− (𝑛 − 1)𝜆. 𝑆]   (2) 

We fitted the 𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇)  data for FeCrRhSi and FeCrRhGe within the measured 

temperature range ( 140 K ≤ 𝑇 ≤ 250 K  for the FeCrRhSi sample) using Eqn. (2) and 

considering 𝜆, (
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

, and 𝑛 as the fitting parameters. The best fits were achieved for 𝑛 =

 (1.982 ±  0.4)  and 𝑛 =  (1.866 ±  0.2)  for FeCrRhSi and FeCrRhGe, respectively 

implying that the origin of ANE in both these samples is dominated either by the intrinsic Berry 

curvature or, the side jump mechanism in the measured temperature regime [6,12]. It is 

noteworthy that the previous reports on FeCrRhSi and FeCrRhGe [44,45] observed that AHE 

in both these samples is dominated by the Berry curvature, which was further supported by the 

first principle calculations. Since AHE and ANE share the common origin, [7] it is reasonable 

to conclude that the observed ANE in both FeCrRhSi and FeCrRhGe samples is dominated by 

the Berry curvature. 
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Figure 8. Temperature dependence of the background-corrected anomalous Nernst coefficient, 

𝑆𝑧𝑦
𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) =  [

𝑉𝑧
𝐴𝑁𝐸(+𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑧

𝐴𝑁𝐸(−𝜇0𝐻𝑠𝑎𝑡)

2∆𝑇𝑒𝑓𝑓
] × (

𝐿𝑦

𝐿𝑧
) , anomalous Hall resistivity, 

𝜌𝑧𝑦
𝐴𝐻𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) and anomalous off-diagonal thermoelectric conductivity, 𝛼𝑧𝑦

𝐴 (𝑇) for (a,c,e) 

FeCrRhSi and (b,d,f) FeCrRhGe. 

 

To further support our conclusion, it is imperative to determine and analyze the 𝛼𝑧𝑦
𝐴 (𝑇) 

data. Using the expression, 𝑆𝑧𝑦
𝐴𝑁𝐸 = [𝜌𝑦𝑦𝛼𝑧𝑦

𝐴 + (
𝜌𝑧𝑦

𝐴𝐻𝐸

𝜌𝑦𝑦
) 𝑆𝑦𝑦] , we can write 𝛼𝑧𝑦

𝐴  as, [93] 𝛼𝑧𝑦
𝐴 =

(
1

𝜌𝑦𝑦
) . [𝑆𝑧𝑦

𝐴𝑁𝐸 − (
𝜌𝑧𝑦

𝐴𝐻𝐸

𝜌𝑦𝑦
) 𝑆𝑦𝑦] = [𝜎. 𝑆𝑧𝑦

𝐴𝑁𝐸 − 𝑆. (−
𝜌𝐻

𝐴𝐻𝐸

𝜌2
)] = (𝜎. 𝑆𝑧𝑦

𝐴𝑁𝐸 − 𝑆. 𝜎𝐻
𝐴𝐻𝐸) . Therefore, 

following the Mott’s relations, 𝛼𝑧𝑦
𝐴  can be expressed as, [2,14,27] 

𝛼𝑧𝑦
𝐴 (𝑇) = 𝜌𝑛−2 [

𝜋2𝑘𝐵
2𝑇

3𝑒
(
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

− (𝑛 − 2)𝜆. 𝑆]                                       (3) 
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 In order to estimate 𝛼𝑧𝑦
𝐴 (𝑇), it is important to have experimental data for 𝜎𝑧𝑦

𝐴𝐻𝐸(𝑇) 

and hence 𝜌𝑧𝑦
𝐴𝐻𝐸(𝑇) . We have performed AHE measurements on both the FeCrRhSi and 

FeCrRhGe samples. Figures 6(c) and (d) display the magnetic field dependence of anomalous 

Hall resistivity 𝜌𝑧𝑦
𝐴𝐻𝐸(𝜇0𝐻) = −𝜌𝑦𝑧

𝐴𝐻𝐸(𝜇0𝐻) = −𝜌𝐻
𝐴𝐻𝐸(𝜇0𝐻) for the FeCrRhSi and FeCrRhGe 

samples, respectively at selected temperatures in the range: 130K ≤ 𝑇 ≤ 295 K. It is evident 

that unlike 𝑉𝑧
𝐴𝑁𝐸(𝐻), |𝜌𝐻

𝐴𝐻𝐸(𝐻)| increases with decreasing temperature for both FeCrRhSi and 

FeCrRhGe. Figures 8(c) and (d) display the temperature dependence of the anti-symmetrized 

anomalous Hall resistivity, 𝜌𝑧𝑦
𝐴𝐻𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) = −𝜌𝐻

𝐴𝐻𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) =

 
1

2
[{−𝜌𝐻

𝐴𝐻𝐸(+𝜇0𝐻𝑠𝑎𝑡,   𝑇)} − {−𝜌𝐻
𝐴𝐻𝐸(−𝜇0𝐻𝑠𝑎𝑡,   𝑇)}]  for the FeCrRhSi and FeCrRhGe 

samples, respectively. Evidently, |𝜌𝑧𝑦
𝐴𝐻𝐸(𝜇0𝐻𝑠𝑎𝑡 , 𝑇)|  for both these samples increases 

monotonically with decreasing temperature throughout the measured temperature range. In this 

context, it is noteworthy that both 𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇) and |𝜌𝑧𝑦

𝐴𝐻𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇)| are expected show a peak 

position/slope change where the 𝑀(𝑇) shows a slope change. However, it was observed that 

𝜌𝑧𝑦
𝐴𝐻𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇) (and hence 𝜎𝑧𝑦

𝐴𝐻𝐸(𝜇0𝐻𝑠𝑎𝑡, 𝑇)) replicates the 𝑀(𝑇) behavior and shows slope 

changes at the onset of ferromagnetic transition (TC). [9] On the other hand, 𝑆𝑧𝑦
𝐴𝑁𝐸 usually does 

not show a slope change/maximum at the TC, but increases rapidly around the TC , shows a 

maximum value at a certain temperature below the TC, and then decreases towards zero at low 

temperatures. [9,24] This is why, 𝑆𝑧𝑦
𝐴𝑁𝐸 and 𝜌𝑧𝑦

𝐴𝐻𝐸  do not always show maximum/slope change 

at the same temperature [19], possibly because 𝑆𝑧𝑦
𝐴𝑁𝐸 is composed of two terms as, 𝑆𝑧𝑦

𝐴𝑁𝐸 =

 [𝜌. 𝛼𝑧𝑦
𝐴 + (

𝜌𝑧𝑦
𝐴𝐻𝐸

𝜌
) 𝑆], and hence, 𝑆𝑧𝑦

𝐴𝑁𝐸 depends not only on 𝜌𝑧𝑦
𝐴𝐻𝐸  (and hence 𝜎𝑧𝑦

𝐴𝐻𝐸) but also on 

other fundamental parameters such as,  𝜌, 𝑆 and 𝛼𝑧𝑦
𝐴  [14]. Since 𝑇𝐶 of FeCrRhSi is nearly 100 

K lower than FeCrRhGe, the slope change/maximum in 𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇) is expected to occur at lower 

temperatures in FeCrRhSi than in FeCrRhGe. Nevertheless, the maximum/slope change in 
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𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇)  is expected to appear below 𝑇𝐶  = 458 and 550 K in FeCrRhSi and FeCrRhGe, 

respectively. As shown in Figs. 2(a) and (b), while both ZFCW and FCW 𝑀(𝑇) continue to 

increase with increasing temperature up to 390 K for FeCrRhGe, those for FeCrRhSi first 

increase with temperature up to 300 K, exhibit a broad maximum in the vicinity of 300 K and 

then tend to decrease slowly with further increasing temperature which is followed by an abrupt 

drop above 350 K, which is indicative of the starting point of ferromagnetic to paramagnetic 

transition. Therefore, the slope-change in 𝑆𝑧𝑦
𝐴𝑁𝐸 for FeCrRhSi around 250 K is associated with 

the occurrence of broad maximum in the ZFCW and FCW 𝑀(𝑇) in the temperature range: 

300 K ≤ 𝑇 ≤ 350 K as a result of the ferromagnetic transition. Since the ANE measurements 

were performed in the temperature range 130 K ≤ 𝑇 ≤ 295 K, we could only detect the slope 

change in 𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇)  for the FeCrRhSi sample (around 250 K) and possibly the slope 

change/maximum in 𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇) for FeCrRhGe occurs at T >> 295 K, which lies beyond the 

measured temperature range. Also, based on our previous argument, since the slope change in 

𝜌𝑧𝑦
𝐴𝐻𝐸  occurs at the onset of ferromagnetic transition, which also lies much above our measured 

temperature range (130 K ≤ 𝑇 ≤ 295 K), no slope change was observed in 𝜌𝑧𝑦
𝐴𝐻𝐸(𝑇) for either 

of the samples within the measured temperature range. As shown in Figs. 8(e) and (f), the 

estimated 𝛼𝑧𝑦
𝐴 (𝑇) for both FeCrRhSi and FeCrRhGe mimics the behavior of the corresponding 

𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇). We fitted the 𝛼𝑧𝑦

𝐴 (𝑇) data for both the FeCrRhSi and FeCrRhGe samples using Eqn. 

(3), and the best fits were obtained for  𝑛 =  (1.88 ±  0.1)  and 𝑛 = (1.932 ±  0.2)  for 

FeCrRhSi and FeCrRhGe. Clearly, the values of  the exponent 𝑛 obtained from the 𝛼𝑧𝑦
𝐴 (𝑇) fits 

are close to those obtained by fitting the 𝑆𝑧𝑦
𝐴𝑁𝐸(𝑇)  data for both the samples and hence, 

confirms that the observed ANE in FeCrRhSi and FeCrRhGe is dominated by the Berry 

curvature [6]. 
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Figure 9(a) and (b):  Main panels show linear fits to the 𝜌𝑧𝑦
𝐴𝐻𝐸  vs. 𝜌2 plots for FeCrRhSi and 

FeCrRhGe, respectively and insets show the corresponding plots of |𝜎𝑧𝑦
𝐴𝐻𝐸| vs. 𝜎 for these 

samples. Temperature dependence of the ratio: |𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | for the samples (c) FeCrRhSi and 

(d) FeCrRhGe. (e) The right vertical scale displays 𝑆1
𝐴𝑁𝐸(𝑇) = 𝜌. 𝛼𝑧𝑦

𝐴  and, and the left vertical 

scale displays 𝑆2
𝐴𝑁𝐸 = −𝑆. tan 𝜃𝐻  for FeCrRhSi. (f) The right vertical scale shows 𝑆1

𝐴𝑁𝐸(𝑇) 

and the left vertical scale shows 𝑆2
𝐴𝑁𝐸(𝑇) for FeCrRhGe. 

 

 Next, to confirm that both ANE and AHE in these samples share a common physical 

mechanism and to extract the values of intrinsic anomalous Hall conductivity 𝜎𝑧𝑦,𝑖𝑛𝑡
𝐴𝐻𝐸 , we have 

fitted the |𝜌𝑧𝑦
𝐴𝐻𝐸| vs. 𝜌2  plots for both these samples using the expression, [95,96] 𝜌𝑧𝑦

𝐴𝐻𝐸 =

𝑔(𝜌0) + (𝜎𝑧𝑦,𝑖𝑛𝑡
𝐴𝐻𝐸 ). 𝜌2 , as indicated in the main panels of Figs. 9(a) and (b). Here, the 

temperature independent term: 𝑔(𝜌0) is a function of residual resistivity (𝜌0) and represents 

the extrinsic contributions due to skew scattering and side-jump mechanisms whereas the 
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temperature dependent term (𝜎𝑧𝑦,𝑖𝑛𝑡
𝐴𝐻𝐸 ). 𝜌2  represents the intrinsic contribution arising solely 

from the Berry curvature. [95,96] From the linear fits, we obtained 𝑔(𝜌0) = −5.84 ×

 10−6 Ω. cm (−3.73 × 10−6 Ω. cm) and |𝜎𝑧𝑦,𝑖𝑛𝑡
𝐴𝐻𝐸 | = 107.8 S/cm (145.2 S/cm) for FeCrRhSi 

(FeCrRhGe). These results indicate that the Berry curvature plays the dominant role towards 

AHE in both these samples, whereas the negative value of 𝑔(𝜌0) suggests that the extrinsic 

contribution is opposite to the intrinsic Karplus-Luttinger term |𝜎𝑧𝑦,𝑖𝑛𝑡
𝐴𝐻𝐸 |. [44,45,96] Notably, it 

is convenient to use the plot of |𝜎𝑧𝑦
𝐴𝐻𝐸| vs. 𝜎 to empirically identify the underlying physical 

mechanisms responsible for anomalous Hall transport in different materials depending on the 

values of their 𝜎. [96] As shown in the insets of Figs. 9(a) and (b), the values of 𝜎 for the spin 

semi-metallic EQHAs FeCrRhSi and FeCrRhGe in the temperature range: 130 K ≤ 𝑇 ≤

 295 K lie within the ranges: 3.25 × 103 S/cm ≤ |𝜎| ≤  3.6 × 103 S/cm  and 4.1 × 103 S/

cm ≤ |𝜎| ≤  4.6 × 103 S/cm, respectively. These values are very much within the regime 

associated with the Berry curvature mechanism, [44,45,96] further confirming the intrinsic 

origin of both ANE and AHE in these two spin semi-metallic EQHAs. 

 

 Now, to determine the correlation between the anomalous transverse thermoelectric 

conduction and anomalous Hall conduction, we plot the temperature dependence of the ratio: 

|𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | for FeCrRhSi and FeCrRhGe, respectively in Figs. 9(c) and (d), respectively. It is 

important to note that 𝜎𝑧𝑦
𝐴𝐻𝐸 represents the average of the Berry curvature over the occupied 

fermionic states. [97] In other words, 𝜎𝑧𝑦
𝐴𝐻𝐸determines the transport of charge carriers and can 

be expressed as, 𝜎𝑧𝑦
𝐴𝐻𝐸  ≈  

2𝜋𝑒2

𝑐ℎ
〈
Ω𝐵

𝜆𝐹
2 〉; where 〈

Ω𝐵

𝜆𝐹
2 〉 denotes the summation of the Berry curvature 

Ω𝐵(𝑘)  averaged over the cross section of the Fermi surface, 𝜆𝐹  is the Fermi wavelength 

associated with the plane perpendicular to the direction of the applied magnetic field,  ℎ is the 

Planck’s constant, and 𝑐  is the lattice parameter along the direction of applied magnetic 



  

36 
 

field. [14,97] On the other hand, 𝛼𝑧𝑦
𝐴  represents the Berry curvature averaged over the states 

having a finite entropy in the vicinity of the Fermi level, i.e., within a thermal thickness of 

𝐸𝐹 . [97] Hence, 𝛼𝑧𝑦
𝐴 represents the transport of entropy and, can be expressed as, 𝛼𝑧𝑦

𝐴 ≈

 
2𝜋𝑒𝑘𝐵

𝑐ℎ
〈
Ω𝐵

Λ2
〉; where, Λ =  √

ℎ2

2𝜋𝑚𝑒
∗𝑘𝐵𝑇

 is the thermal de Broglie wavelength associated with the 

plane perpendicular to the direction of the magnetic field. [14,97] Therefore, the ratio 

|𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | is governed by the quantity, (
𝑘𝐵

𝑒
) 〈

𝜆𝐹
2

Λ2
〉. [14] Since at high temperatures, the values 

of 𝜆𝐹  and Λ become comparable in magnitude, |𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | approaches (
𝑘𝐵

𝑒
) with increasing 

temperature [28,97]. Within the framework of Berry curvature, the value of the ratio 

|𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | lies between  
1

5
(
𝑘𝐵

𝑒
) and (

𝑘𝐵

𝑒
) at room temperature in most of the topological 

magnets. [97]  Clearly, |𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | for both the samples increases with increasing temperature 

and reaches ≈ (0.51 ± 0.1)
𝑘𝐵

𝑒
 and ≈ (0.34 ± 0.1)

𝑘𝐵

𝑒
 at T = 295 K for the spin semi-metallic 

EQHAs FeCrRhSi and FeCrRhGe, respectively, which are lower than that of UCo0.8Ru0.2Al 

(|𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | ≈ 2
𝑘𝐵

𝑒
 at 47 K)  [28], but closer to that for Co2MnGa, Mn3Sn, Co3Sn2S2, 

CoFeVSb, all of which show Berry curvature driven anomalous Nernst 

thermoelectricity [20,97]. In other words, the value of the ratio |𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ |  for both the 

samples FeCrRhSi and FeCrRhGe lies between 
1

5
(
𝑘𝐵

𝑒
) and (

𝑘𝐵

𝑒
) at room temperature, which 

further supports the intrinsic origin of the observed anomalous Nernst thermoelectricity in these 

samples within the measured temperature range. [97] 
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Figure 10. Comparison of the values of 𝑆𝑧𝑦
𝐴𝑁𝐸  at room temperature for FeCrRhSi and 

FeCrRhGe with those of (a) different Heusler alloys and (b) different polycrystalline bulk 

samples reported in the literature. The samples with grey asterisks correspond to the FeCrRhX 

(X =Si and Ge) alloys presented in this study. 

 

Now, with the knowledge about the temperature profiles of all the fundamental 

parameters, e.g., 𝜌(𝑇), 𝑆(𝑇), 𝛼𝑧𝑦
𝐴 (𝑇), 𝜌𝑧𝑦

𝐴𝐻𝐸(𝑇), and 𝜎𝑧𝑦
𝐴𝐻𝐸(𝑇), we can finally estimate the 

temperature evolution of the individual components of 𝑆𝑧𝑦
𝐴𝑁𝐸 = [𝜌. 𝛼𝑧𝑦

𝐴 − 𝑆. tan 𝜃𝐻] , i.e., 

𝑆1
𝐴𝑁𝐸 = 𝜌. 𝛼𝑧𝑦

𝐴  and, 𝑆2
𝐴𝑁𝐸 = −𝑆. tan 𝜃𝐻  . [93,98] The right vertical scales of Figs. 9(e) and (f) 

display 𝑆1
𝐴𝑁𝐸(𝑇) = 𝜌. 𝛼𝑧𝑦

𝐴  for the samples FeCrRhSi and FeCrRhGe, respectively whereas the 

left vertical scales of Figs. 9(e) and (f) display 𝑆2
𝐴𝑁𝐸(𝑇) = −𝑆. tan 𝜃𝐻  for the samples 
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FeCrRhSi and FeCrRhGe, respectively. While 𝑆1
𝐴𝑁𝐸(𝑇) for both the samples shows positive 

sign, 𝑆2
𝐴𝑁𝐸(𝑇) exhibits negative sign for both of them in the measured temperature range: 

130K ≤ 𝑇 ≤ 295 K . Moreover, |𝑆1
𝐴𝑁𝐸(𝑇)| > |𝑆2

𝐴𝑁𝐸(𝑇)|  for both the samples which 

highlights the dominating contribution of the transverse thermoelectric conduction towards the 

experimentally observed anomalous Nernst thermoelectricity for both FeCrRhSi and 

FeCrRhGe. 

 

Next, we compare the values of 𝑆𝑧𝑦
𝐴𝑁𝐸 for FeCrRhSi and FeCrRhGe with those of other 

Heusler alloys reported in the literature as shown in Fig. 10(a). Evidently, the values of 𝑆𝑧𝑦
𝐴𝑁𝐸 

for both FeCrRhSi and FeCrRhGe are lower than those for single crystalline bulk [13] and thin 

film [99,100] samples of the semi-metallic full Heusler alloy Co2MnGa, epitaxial thin films of 

Co2MnAl [31] and Co2MnSi [32], Co2MnAl1-xSix thin films, [33]  single crystals of Fe2CoX (X 

= Al and Ga), Fe2NiX (X = Al and Ga), [37] thin films of the spin gapless semiconductor 

CoFeCrGa, [48] etc., but higher than those for the epitaxial thin films of the full Heusler alloy 

Co2TiSn, [35] polycrystalline bulk sample of Ni2MnGa shape memory alloy, [36] and other 

bulk polycrystalline samples of EQHAs e.g., CrRuXGe (X = Co and Mn), [26] CoFeVSb [20] 

and Co1+xFe1-xCrGa, [12] etc. It is worthwhile to highlight that both FeCrRhSi and FeCrRhGe 

exhibit the highest values of 𝑆𝑧𝑦
𝐴𝑁𝐸 among the EQHAs reported in the literature. Moreover, we 

have compared the values of 𝑆𝑧𝑦
𝐴𝑁𝐸 for FeCrRhSi and FeCrRhGe with those of other bulk 

polycrystalline samples, as shown in Fig. 10(b). Clearly, 𝑆𝑧𝑦
𝐴𝑁𝐸 for both FeCrRhSi and 

FeCrRhGe are lower than those for bulk polycrystalline full Heusler alloy Co2MnGa, [101] 

polycrystalline topological ferromagnets Fe3Ga, [102] permanent magnet SmCo5, [103] 

polycrystalline iron-based Kagome ferromagnet Fe3Sn, [15] but much higher than those of 

other bulk polycrystalline samples of the EQHA family, [12,20,26]  e.g., polycrystalline bulk 

sample of Ni2MnGa, [36] half metallic ferromagnetic hole-doped manganite 
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La0.7Na0.3MnO3, [22] etc. Therefore, both the EQHAs FeCrRhSi and FeCrRhGe hold great 

promises towards the development of room temperature ANE based thermopile device 

applications. 

 

4. Conclusions 

To summarize, we have performed a comprehensive investigation of magnetic, electrical, 

thermal and transverse magneto-thermoelectric properties of the topological spin semi-metallic 

quaternary Heusler alloys FeCrRhSi and FeCrRhGe. Magnetic measurements revealed room 

temperature ferromagnetic behavior with high Curie temperatures (𝑇𝐶 > 400 K ) of these 

samples wherein energetically competing FM and AFM phases coexist at low temperatures, 

giving rise to field-induced metamagnetic transitions. The electrical resistivity of both samples 

exhibited semi-metallic characteristics throughout the measured temperature range, along with 

the low temperature resistivity upturns driven by Kondo-like scattering. The negative sign of 

the longitudinal Seebeck coefficient throughout the measured temperature range in both 

FeCrRhSi and FeCrRhGe indicates that electrons are the majority carriers for the thermally 

driven charge transport in these samples. Most importantly, both samples exhibited giant values 

of 𝑆𝑧𝑦
𝐴𝑁𝐸  at room temperature: 𝑆𝑧𝑦

𝐴𝑁𝐸  for FeCrRhSi and FeCrRhGe at 295 K are (0.272 ±

0.02) μV. K−1 and (0.295 ± 0.02) μV. K−1, respectively, both of which are nearly three times 

higher than those of the best EQHA reported so far. Our in-depth analysis has revealed that the 

Berry curvature governs such large ANE in these topological spin semi-metallic EQHAs. We 

have further highlighted that the contribution of the transverse thermoelectric conduction to the 

observed large ANE in both samples dominates over that of the anomalous Hall effect affecting 

the longitudinal Seebeck effect driven charge carrier flow. The ratio, |𝛼𝑧𝑦
𝐴 𝜎𝑧𝑦

𝐴𝐻𝐸⁄ | for both these 

samples lies between 0.2 (
𝑘𝐵

𝑒
)  and (

𝑘𝐵

𝑒
)  at room temperature, further confirming intrinsic 

Berry curvature as the underlying physical origin of the observed large ANEs. 
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