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Abstract 13 

Heusler alloy-based spin gapless semiconductors (SGSs) with very high Curie temperatures 14 

(TC) have recently gained enormous attention because of their unconventional electronic 15 

structures. They exhibit a non-zero band gap in one of the spin channels and a zero band gap 16 

in the other spin channel, making them an important class of materials for tunable spin transport. 17 

Here, we report the first ever experimental observation of anomalous Nernst effect (ANE) in 18 

Co1+xFe1−xCrGa (x = 0, 0.2, 0.4, and 0.5), which are the emerging quaternary Heusler alloy-19 

based SGSs. While the electron-electron elastic scattering and the disorder mediated weak 20 

localization effect play the major roles in electrical transport for all the samples at low 21 

temperatures, the magnon-drag effect was found to dominate the longitudinal thermoelectric 22 

transport. The ANE coefficient at room temperature increases from ≈ 0.018 V. K-1 for 𝑥 = 0 23 

to ≈ 0.063 V. K-1 for 𝑥 = 0.5, which is higher than that for Ni81Fe19 and compressively 24 
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strained SrRuO3 films. Our analysis indicates that the observed ANE in these samples 1 

originates from asymmetric skew-scattering of charge carriers. 2 

3 
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1. Introduction 1 

Recent progress in the field of spincaloritronics has stimulated renewal of interest in efficiently 2 

harvesting electrical energy from waste thermal energy by exploiting the spin degree of 3 

freedom of the charge carriers in a magnetic conductor [1]. The anomalous Nernst effect (ANE) 4 

is one of such emerging magneto-thermoelectric phenomena, wherein an electrical field (𝑬𝑨𝑵𝑬
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ) 5 

is generated in a ferromagnetic conductor transverse to the directions of both applied 6 

temperature gradient (𝛁𝑻⃗⃗⃗⃗  ⃗) and the magnetization (𝑴⃗⃗⃗ ), and can be expressed as,  𝑬𝑨𝑵𝑬
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ =7 

 𝑄𝐴𝑁𝐸(𝜇0𝑴⃗⃗⃗ × 𝛁𝑻⃗⃗⃗⃗  ⃗), where 𝑄𝐴𝑁𝐸 is the coefficient of ANE [2,3].  Berry curvature at the Fermi 8 

level associated with the Bloch waves in the reciprocal space (𝒌⃗⃗  𝑠𝑝𝑎𝑐𝑒) has been identified as 9 

the underlying intrinsic origin of large room temperature ANE coefficient observed in a range 10 

of topological magnetic materials e.g., the full-Heusler ferromagnet Co2MnGa (~6 V. K-1) [4], 11 

magnetic Weyl semimetal Co3Sn2S2 (~5 V. K-1) [5,6],  iron-based cubic ferromagnets Fe3Ga 12 

(~4 V. K-1) and Fe3Al (~2 V. K-1) [7], kagome ferromagnets Fe3Sn (~3 V. K-1) [8] and 13 

Fe3Sn2 (~1.26 V. K-1) [9], chiral antiferromagnet Mn3Sn (~0.35 V. K-1)  [2], etc., as well as 14 

gigantic low temperature ANE coefficient in correlated non-centrosymmetric kagome 15 

ferromagnet UCo0.8Ru0.2Al (~23 V. K-1) [10], canted antiferromagnet YbMnBi2 (~6 V. K-16 

1) [11], van der Waals ferromagnet Fe3GeTe2 (~0.3 V. K-1) [12], etc. Apart from the intrinsic 17 

mechanisms, extrinsic mechanisms such as, asymmetric skew scattering can also give rise to 18 

large ANE coefficient especially in magnetic oxides e.g., Fe3O4 single crystals [13], hole-19 

doped manganite La1-xNaxMnO3 [14], ferromagnetic cobaltites [15–17], etc. 20 

  21 

 Recently, spin gapless semiconductors (SGSs) have attracted immense attention of the 22 

spintronics community due to their unconventional electronic structures; while they exhibit a 23 

finite band gap for one spin channel, the conduction and valence band edges touch for the other 24 



  

4 
 

spin channel [18]. Thus they possess the characteristics of both half-metallic ferromagnets and 1 

gapless semiconductors. Because of such unique feature of their band structure, their transport 2 

properties are extremely susceptible to external stimuli, e.g., temperature and magnetic field 3 

which in combination with their high spin polarization make them potential tunable spintronic 4 

materials. Although the SGS behavior was originally predicted in diluted magnetic 5 

semiconductors (DMS), Heusler alloys-based SGS materials appear to be more advantageous 6 

than the DMS-based SGSs because of their high Curie temperature (TC) and sizable spin 7 

polarization [19–22]. In addition to the well-studied topological Heusler alloy Co2MnGa, the 8 

ANE has been extensively investigated in plenty of full Heusler compounds e.g., Co2TiSn [23], 9 

Ni46.5Co2Mn37Sn14.5 [24], Co2Fe0.4Mn0.6Si [25], Co2MnSi [26], Co2MnAl1−xSix [27], 10 

Ni2MnGa [28], etc. However, to our knowledge, ANE in Heusler alloy-based SGS materials 11 

has not been explored so far. 12 

 13 

 The quaternary Heusler alloys Co1+xFe1−xCrGa with very high Curie temperature (𝑇𝐶 ≥14 

690 K) were found to exhibit extraordinary SGS behaviour for 𝑥 ≤ 0.4 but become completely 15 

half-metallic for 𝑥 = 0.5 [22,29]. Here, we have performed a comprehensive investigation of 16 

ANE in Co1+xFe1−xCrGa as a function of magnetic field and temperature. We found that the 17 

electron-electron elastic scattering and the weak localization effect play the dominant roles in 18 

electrical transport for all the samples at low temperatures and the contributions from these 19 

scatterings increase considerably with x for 𝑥 ≤ 0.4. On the other hand, the magnon-drag effect 20 

was found to dominate the longitudinal thermoelectric transport in all the samples. Our study 21 

indicates that the ANE coefficient increases gradually with x for 𝑥 ≤ 0.4 but has a drastic 22 

increase for 𝑥 = 0.5, when the system transforms from the SGS state to the completely half-23 

metallic state. An in-depth analysis of the temperature dependence of transverse thermoelectric 24 

coefficient (𝑆𝑥𝑦), longitudinal Seebeck coefficient (𝑆𝑥𝑥) and the longitudinal resistivity (𝜌𝑥𝑥) 25 
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indicates that the observed ANE in these samples originates from the skew-scattering 1 

mechanism. 2 

 3 

2. Experimental 4 

Polycrystalline samples of Co1+xFe1−xCrGa were synthesized by arc melting technique. 5 

The synthesis method and the crystal phase characterization of these samples are reported 6 

elsewhere [22,29]. The crystal structure of these samples were determined by X-ray diffraction 7 

(XRD) pattern at room temperature using Xpert pro diffractometer with Cu-Kα radiation ( = 8 

1.54184 Å). Static magnetic characterization of the samples was performed using a vibrating 9 

sample magnetometer (VSM) attached to a commercial physical property measurement system 10 

(PPMS) from Quantum Design. Electrical resistivity (𝜌𝑥𝑥) measurements on these samples 11 

were performed using the DC resistivity option of the PPMS. Longitudinal thermopower (𝑆𝑥𝑥) 12 

measurements on these samples were carried out using a home-made sample stage for the 13 

PPMS. ANE on these samples were measured as a function of temperature and magnetic field 14 

using a custom-built spincaloritronic measurement set up by making use of a universal sample 15 

puck for the PPMS. The samples were sandwiched between two copper blocks (hot and cold). 16 

The bottom (hot) block was thermally detached from the PPMS puck base by a 4-mm thick 17 

Teflon block to retain a temperature difference of ~ 10 K between the PPMS puck base and the 18 

hot block. On the other hand, the top (cold) block was thermally connected to the PPMS puck 19 

base by a pair of molybdenum screws. To maintain a stable temperature difference between 20 

these two blocks, temperatures of both these blocks were controlled using PID temperature 21 

controllers (Scientific Instruments 9700). Temperature gradient was applied between these two 22 

blocks using two Pt100 RTD sensors (used as resistive heaters) attached to both these blocks. 23 

A calibrated Si-diode thermometer was attached to each of these blocks that accurately 24 

recorded the temperatures 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑 corresponding to temperatures of the hot and cold 25 
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blocks, respectively. The sample temperature was recorded as the average temperature, 1 

𝑇𝑠𝑎𝑚𝑝𝑙𝑒 = 
𝑇ℎ𝑜𝑡+𝑇𝑐𝑜𝑙𝑑

2
. In order to electrically insulate the sample surfaces from the copper 2 

blocks, a thin layer of kapton tape was thermally anchored to the bare surfaces of both the 3 

copper blocks. Note that the kapton tape acts as a good thermal conductor and poor electrical 4 

conductor. Additionally, cryogenic Apiezon N-grease was applied to the kapton tapes attached 5 

to the surfaces of both these blocks to ensure good thermal connectivity between the sample 6 

surfaces and the copper blocks. Moreover, both the temperature sensors were attached to the 7 

closest proximity of the sample surface in order to accurately read the temperatures of the hot 8 

and cold ends of the sample. A more detailed description of our experimental set up is reported 9 

elsewhere [30,31]. Note that the applied temperature difference between the hot and cold plates 10 

is primarily dropped across the sample and the influence of interfacial thermal resistances can 11 

be neglected, as discussed in the Supplemental Material [32–35]. The transverse thermoelectric 12 

voltage generated due to the ANE was measured using a Keithley 2182A nanovoltmeter, while 13 

scanning a DC magnetic field produced by the superconducting magnet of the PPMS. We used 14 

the same set up for temperature dependence of longitudinal Seebeck coefficient measurement. 15 

During the measurement at any specific temperature, a temperature gradient was applied 16 

between the hot and cold plates once the desired sample temperature was reached. Once a stable 17 

temperature difference between the hot and cold plates, ∆T was attained, the thermally 18 

generated voltage across the sample along the direction of temperature gradient was recorded. 19 

The background voltage and other spurious contributions were eliminated by reversing the 20 

direction of temperature gradient and averaging the thermally generated voltages. 21 

 22 

3. Results and Discussion 23 

Figure 1(a)-(d) demonstrate the room temperature X-ray diffraction (XRD) patterns for the 24 

samples x = 0.0, 0.2, 0.4 and 0.5, respectively along with the Rietveld analysis performed using 25 
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the Fullprof Suite software. The observed Bragg reflections indicate that these alloys adopt 1 

cubic crystal structure with space group 𝐹4̅3𝑚 having the structural prototype of LiMgPdSn. 2 

Using synchrotron-based XRD measurements, our previous report [29] indicated the existence 3 

of the low-angle superlattices reflections (111) and (200) peaks, which are not visible in the 4 

standard XRD patterns and hence, partially rules out the possibility of the presence of B2 and 5 

A2 type antisite disorders. On the other hand, an earlier report on Mössbauer spectroscopy 6 

performed on the pristine CoFeCrGa alloy confirmed the presence of DO3 type disorder [22]. 7 

We believe that a certain amount of DO3 type antisite disorder is present in all our samples [29]. 8 

 9 

Figure 1. X-ray diffraction (XRD) patterns for the samples (a) x = 0.0, (b) x =0.2, (c) x = 0.4 10 

and (d) x =0.5, respectively in Co1+𝑥Fe1−𝑥CrGa along with the Rietveld analysis. (e) Schematic 11 

illustration of the crystal structure of CoFeCrGa. (f) Variation of lattice parameter (left y-scale) 12 

and unit cell volume (right y-scale) with x. 13 
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A schematic representation of the crystal structure of CoFeCrGa is shown in Fig. 1(e), where 1 

Ga, Cr, Fe and Co atoms occupy the Wyckoff positions of 4a, 4b, 4c, and 4d considering type 2 

I structure [36]. The lattice parameter (a) and unit cell volume (V) were evaluated from the 3 

Rietveld analysis. As shown in Fig. 1(f), both a and V decrease gradually with increasing Co 4 

content, which is in agreement with the previous study [29].  5 

  6 

 7 

Figure 2. Magnetic field dependence of magnetization, M(H) for Co1+𝑥Fe1−𝑥CrGa at (a) T = 8 

300 K and (b) 5 K, inset of (b) shows x-dependence of saturation magnetization, MS. 9 

 10 
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Figure 2(a) and (b) display the magnetic field dependence of magnetization, M(H) 1 

measured at T = 300 and 5 K on the Heusler alloy series Co1+xFe1-xCrGa with x = 0.0, 0.2, 0.4 2 

and 0.5. M(H) for all the samples exhibit negligible hysteresis at both the temperatures, 3 

indicating the soft-magnetic nature of the samples. Most importantly, the saturation 4 

magnetization, MS of the samples increases monotonically with x at both the temperatures as 5 

shown in the inset of Fig. 2(b). The experimental values of MS at T = 5 K for x = 0, 0.2, 0.4 and 6 

0.5 are 2.1, 2.33, 2.47 and 2.54μB/f. u., respectively, which are close to those estimated using 7 

the Slater-Pauling rule [37]. An earlier report shows that the magnetic transition temperature 8 

(TC) of these samples are very high and it increases linearly from 686 K for x = 0 to 870 K for 9 

x = 0.5 [29]. Figure 3(a) and (b) represent the T-dependence of longitudinal resistivity, 𝜌𝑥𝑥(𝑇) 10 

for the samples x = 0 and 0.5. While 𝜌𝑥𝑥(𝑇) for x = 0 exhibits semiconducting behavior 11 

(
𝜕𝜌𝑥𝑥

𝜕𝑇
< 0) throughout the measured temperature range, that for x = 0.5 shows metallic-like 12 

resistivity (
𝜕𝜌𝑥𝑥

𝜕𝑇
> 0) from room temperature down to 50 K at which it shows a  minimum in 13 

𝜌𝑥𝑥 followed by a remarkable upturn below 𝑇∗ ≈ 50 K [29]. A closer inspection reveals that 14 

𝜌𝑥𝑥(𝑇) for x = 0 also shows a weak slope-change around 𝑇∗ = 50 K (indicated by an arrow) 15 

below which 𝜌𝑥𝑥 increases at a faster rate with decreasing temperature. Note that 𝜌𝑥𝑥(𝑇) for 16 

samples x = 0.2 and 0.4 also exhibit semiconducting behavior throughout the measured 17 

temperature range with more pronounced slope changes at T* ≈ 50 K in comparison to x = 0 18 

followed by enhanced |
𝜕𝜌𝑥𝑥

𝜕𝑇
| below T* ≈ 50 K. The relative change in 𝜌𝑥𝑥 below 𝑇∗ ≈ 50 K,   19 

∆𝜌𝑥𝑥

𝜌𝑥𝑥
= 

𝜌𝑥𝑥(𝑇=10 𝐾)−𝜌𝑥𝑥(𝑇=50 𝐾)

𝜌𝑥𝑥(𝑇=50 𝐾)
  increases from ≈ 0.05 for x = 0 to ≈ 0.1 for x = 0.4. 20 

 21 

 We start with the analysis of the 𝜌𝑥𝑥(𝑇) data taking into consideration different bulk 22 

scattering mechanisms. Generally, the electrical resistivity of a conducting material can be 23 

expressed as: 𝜌𝑥𝑥 =  𝜌𝑥𝑥
𝑒𝑙𝑎𝑠𝑡𝑖𝑐 +  𝜌𝑥𝑥

𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐  [38]. Here,  𝜌𝑥𝑥
𝑒𝑙𝑎𝑠𝑡𝑖𝑐  represents the contribution 24 
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from electron-electron elastic scattering due to the Coulomb interaction between conduction 1 

electrons, which usually has a 𝑇1/2 (i.e., 𝜌𝑥𝑥
𝑒𝑙𝑎𝑠𝑡𝑖𝑐  =  𝜌𝑒𝑇

1/2) and dominates at low-T [39]. It is 2 

believed that the resistivity minimum accompanied by a low-T upturn can arise from elastic 3 

electron-electron interaction when the low-temperature resistivity exceeds the Mott’s 4 

maximum limit of metallic resistivity of ≈10 m. cm [38,39], which is much higher than the 5 

low-T value of 𝜌𝑥𝑥 (≈ 0.32 m. cm at 10 K for x = 0) for our samples. However, in a highly 6 

disordered 3D metal such as our Co1+xFe1-xCrGa system [29], the weak localization effect 7 

(WLE) [39] arising from the disorder mediated coherent backscattering of charge carriers can 8 

also give rise to the low-T upturn in resistivity and it has the T-dependence of ~𝑇−1/2 [39–41]. 9 

On the other hand, the Kondo-like [42] transport arising from the interaction between localized 10 

magnetic moments associated with magnetic impurities and the mobile electrons can also give 11 

rise to the low-T upturn in resistivity in a disordered magnetic material and it has the T-12 

dependence of ~ ln 𝑇 [39,43,44]. As shown in Fig. S1, [32] we fitted the 𝜌𝑥𝑥(𝑇) data with the 13 

WLE and Kondo effect separately in the low-T region and found that the WLE can describe 14 

the upturn more effectively. Therefore, the rapid upturn in 𝜌𝑥𝑥(𝑇) for x = 0.5 as well as the 15 

low-T slope change followed by enhanced |
𝜕𝜌𝑥𝑥

𝜕𝑇
| for x = 0-0.4 below T* possibly originate from 16 

the WLE [29]. On the other hand, 𝜌𝑥𝑥
𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 signifies the contributions from different inelastic 17 

scattering mechanisms, such as, electron-electron (𝜌𝑒𝑙−𝑒𝑙) , electron-phonon (𝜌𝑒𝑙−𝑝ℎ) , 18 

electron-magnon (𝜌𝑒𝑙−𝑚𝑎𝑔), double-magnon (𝜌𝑚𝑎𝑔) scatterings in magnetic conductors [35]. 19 

Here, the electron-electron scattering contribution arises due to inelastic collision between light 20 

(s-electrons) and heavy electrons (d-electrons) and usually varies as 𝑇2  [46,47]. The 21 

contribution from the scattering of conduction electrons by lattice phonons follows 𝑇5 -22 

behavior [44,45] at low-T but, shows a T-linear behavior at high-T [48]. The contribution of 23 

electron-magnon scattering towards resistivity also follows 𝑇2-dependence [45]. However, in 24 
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case of half metals, [49,50] the 𝑇2 -dependent electron-magnon scattering contribution 1 

exponentially decays due to the gapped spin-flip scattering and the contribution from electron-2 

magnon scattering becomes, [50,51] 𝜌𝑒−𝑚(𝑇) ∝ 𝑇2𝑒−(𝑇 ∆⁄ ) ; where, 𝑘𝐵∆  is the spin wave 3 

energy gap which accounts for the difference between the Fermi level and the nearest band 4 

edge of unoccupied minority spins [50], and 𝑘𝐵 is the Boltzmann constant. Nevertheless, there 5 

is an energy gap between the filled conduction and unoccupied valence band edges associated 6 

with the minority spin channel for both half metals and spin gapless semiconductors [19,29]. 7 

Therefore, the aforementioned electron-magnon scattering model is valid for both the systems. 8 

It is also noteworthy that the contribution of the electron-electron inelastic scattering is 9 

insignificant compared to the other contributions [45]. Therefore, we have neglected the 10 

contribution of the electron-electron inelastic scattering towards 𝜌𝑥𝑥(𝑇)  for our Co1+xFe1-11 

xCrGa system. We found that the 𝜌𝑥𝑥(𝑇) data for all our samples was found to fit well with the 12 

expression: 𝜌𝑥𝑥(𝑇) =  𝜌0 + 𝜌𝑒𝑇
1/2 + 𝜌𝑊𝐿𝐸𝑇

−1/2 + 𝜌𝑒𝑙−𝑝ℎ𝑇
5  in the low-T (below the up-13 

turn) region and with the expression: 𝜌𝑥𝑥(𝑇) =  𝜌0
′ + 𝜌𝑒𝑙−𝑚𝑎𝑔𝑇

2𝑒−(𝑇 ∆⁄ ) + 𝜌𝑒𝑙−𝑝ℎ𝑇  in the 14 

high-T (above the up-turn) region. Notably, for the low temperature region, we excluded the 15 

electron-magnon scattering term as the electron-electron elastic scattering and weak 16 

localization are the most significant and dominating mechanisms for the resistivity up-turn at 17 

low temperatures. Here, 𝜌0 and 𝜌0
′  are the residual resistivity arising from the scattering of 18 

conduction electrons by lattice defects and impurities respectively [38,52].  19 

 20 

The variations of the fitting parameters with Co doping are depicted in Fig. S3. [32] 21 

For the high temperature fits, the absolute values of 𝜌𝑒𝑙−𝑚𝑎𝑔 and ∆ increase with x for 𝑥 ≤ 0.4, 22 

but decrease considerably for x = 0.5. It is also evident that both 𝜌𝑒𝑙−𝑝ℎ  and 𝜌𝑒𝑙−𝑚𝑎𝑔 are 23 

negative for 𝑥 ≤ 0.4 which is expected as 𝜌𝑥𝑥  for these samples decreases with increasing 24 

temperature. However, the absolute value of 𝜌𝑒𝑙−𝑝ℎ does not vary significantly with x for 𝑥 ≤25 
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0.4, but changes its sign for x = 0.5 for which 𝜌𝑥𝑥(𝑇) shows metallic-like behavior above the 1 

up-turn. The obtained values of ∆ for our Co1+xFe1-xCrGa system are higher than those reported 2 

for the well-known half metallic CrO2 (∆ ≈ 80 K), [51] Fe2Si (∆ ≈ 85 K), [49] and Co2FeSi 3 

(∆ ≈ 100 K), [50] etc. However, the value of ∆ is lower in the sample x = 0.5 (half metal) 4 

compared to the samples 𝑥 ≤ 0.4 (spin gapless semiconductors) in our Co1+xFe1-xCrGa system. 5 

On the other hand, it is apparent that the absolute values of 𝜌𝑒 and 𝜌𝑊𝐿𝐸 in the low temperature 6 

region increase with x for 𝑥 ≤ 0.4, but decrease for x = 0.5. Clearly, 𝜌𝑒 is negative for all the 7 

samples which is expected at low temperatures. Negative temperature coefficient for the 8 

electron-electron scattering is reported in different Heusler alloys [41,53] as well as disordered 9 

manganites [52] showing low temperature resistivity up-turns. However, 𝜌𝑒𝑙−𝑝ℎ  decreases 10 

slightly with x for 𝑥 ≤ 0.4 but increases for x = 0.5. Nevertheless, the absolute value of 𝜌𝑒𝑙−𝑝ℎ 11 

is extremely small compared to that of 𝜌𝑒  and 𝜌𝑊𝐿𝐸  for all the samples indicating that the 12 

electron-electron elastic scattering and WLE play the dominant roles in electrical transport for 13 

all the samples at low temperatures.  14 
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 1 

Figure 3. Temperature dependence of longitudinal resistivity, 𝜌𝑥𝑥(𝑇) for (a) x = 0.0 and (b) x 2 

= 0.5 in Co1+𝑥Fe1−𝑥CrGa , fitted with 𝜌𝑥𝑥(𝑇) =  𝜌0
′ + 𝜌𝑒𝑙−𝑚𝑎𝑔𝑇

2𝑒−(𝑇 ∆⁄ ) + 𝜌𝑒𝑙−𝑝ℎ𝑇  in the 3 

high temperature region and with 𝜌𝑥𝑥(𝑇) =  𝜌0 + 𝜌𝑒𝑇
1/2 + 𝜌𝑊𝐿𝐸𝑇

−1/2 + 𝜌𝑒𝑙−𝑝ℎ𝑇
5 in the low 4 

temperature region. Temperature dependence of longitudinal Seebeck coefficient, 𝑆𝑥𝑥(𝑇) for 5 

(c) x = 0.0 and (d) x = 0.5 fitted with 𝑆𝑥𝑥(𝑇) =  𝑆0 + 𝑆𝑑𝑇 + 𝑆𝑚𝑎𝑔𝑇
3/2 + 𝑆𝑝ℎ𝑇

3 + 𝑆𝑆𝑊𝑇4. 6 

 7 

Next, we focus on the thermoelectric transport in our Co1+xFe1-xCrGa system. Figure 8 

3(c) and (d) represent the T-dependence of longitudinal thermopower, 𝑆𝑥𝑥(𝑇) for the samples 9 

x = 0.0 and 0.5. The sign of 𝑆𝑥𝑥(𝑇) for all the samples is positive indicating holes as the 10 

dominant carrier for the thermally driven charge transport. For a 3D semiconductor, the 11 

diffusive component of the longitudinal thermopower follows the relation: 𝑆𝑥𝑥
3𝐷(𝑇) =12 

 𝑚𝑑
∗ 8𝜋2𝑘𝐵

2𝑇

3𝑒ℎ2
(
𝜋

𝑁
)
2/3

,  where N = carrier concentration, 𝑚𝑑
∗  = effective mass, 𝑘𝐵 = Boltzmann 13 

constant, e = electronic charge and h = Planck’s constant [54]. We noticed that the value of 𝑆𝑥𝑥 14 

increases with x for 𝑥 ≤ 0.4 but then decreases for x = 0.5. Most importantly, for all the 15 

samples, 𝑆𝑥𝑥(𝑇) shows a broad maximum which shifts from 𝑇𝑃 ~ 150 K for x = 0 to ~175 K 16 

for x = 0.5. Note that the peak in thermopower at low temperatures can arise due to the phonon-17 
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drag or magnon-drag effects [55,56]. In a ferromagnetic conductor, electrons are scattered by 1 

spin waves, and this electron-magnon interaction is responsible for magnon-drag effect which 2 

is very similar to phonon-drag effect caused by electron-phonon scattering. While the 3 

contribution of phonon-drag effect in thermopower shows 𝑇3 -dependence [55,56], the 4 

magnon-drag effect is closely related to the magnon specific heat and hence, it has the T-5 

dependence of 𝑇3/2 [55,57]. Therefore, we fitted our 𝑆𝑥𝑥(𝑇) data for all the samples using the 6 

expression: 𝑆𝑥𝑥(𝑇) =  𝑆0 + 𝑆𝑑𝑇 + 𝑆𝑚𝑎𝑔𝑇
3/2 + 𝑆𝑝ℎ𝑇

3 + 𝑆𝑆𝑊𝑇4 ; where, the second, third, 7 

fourth and fifth terms account for contributions from diffusion, magnon-drag effect, phonon-8 

drag effect and spin-wave fluctuations, respectively [57,58]. The variations of the fitting 9 

parameters with Co doping are shown in Fig. S5. [32] It is evident that the absolute value of 10 

𝑆𝑚𝑎𝑔is ~ 4 orders of magnitude higher than that of 𝑆𝑝ℎ, indicating dominant contribution of 11 

the magnon-drag effect. Note that, the phonon-drag effect induced maximum in 𝑆𝑥𝑥(𝑇) 12 

generally occurs around T ≈ (𝜃𝐷 5⁄ ) [56], where 𝜃𝐷 is the Debye temperature. Since 𝜃𝐷 was 13 

found to be ≈ 425 K for Co1.1Fe0.9GaCr [29], the phonon-drag-driven maximum in 𝑆𝑥𝑥(𝑇) is 14 

expected to occur ≈ 85 K. Since the broad maxima in 𝑆𝑥𝑥(𝑇) occur at or above 150 K for all 15 

our samples, the magnon-drag effect is certainly the dominating mechanism for the broad peak 16 

and hence, for the thermoelectric transport in our Co1+xFe1-xCrGa system. 17 

    18 
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 1 

Figure 4. (a) Schematic illustration of ANE measurement on the Co1+𝑥Fe1−𝑥CrGa  samples. 2 

Magnetic field dependence of the Nernst voltage, 𝑉𝑥𝑦(𝐻) for different values of ∆𝑇  for (b) x 3 

= 0.0 and (c) x = 0.5 at 𝑇 = 300 K. (d) Normalized anomalous Nernst voltage, 𝑆𝐴𝑁𝐸 × ∆𝑇 =4 

𝑉𝐴𝑁𝐸( 𝜇0𝐻𝑠𝑎𝑡) × (
𝐿𝑧

𝐿𝑦
) as a function of T showing linear T-dependence. 5 

 6 

Anomalous Nernst effect (ANE) measurements on the Co1+xFe1-xCrGa samples were 7 

performed by sandwiching the samples between two copper blocks kept at different 8 

temperatures, as shown in Fig. 4(a). A photograph of the actual set up along with the 9 

measurement schematic is presented in Fig. S6. [32] A temperature gradient was applied along 10 

the z-direction that generates a vertical temperature difference, ∆𝑇 =  (𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑) between 11 

the bottom (hot) and top (cold) blocks that generates a transverse Nernst voltage along the y-12 

direction. In Fig. 4(b) and (c), we show the magnetic field dependence of the Nernst voltage, 13 

𝑉𝑥𝑦(𝐻) for different values of ∆𝑇 for x = 0.0 and 0.5 in Co1+𝑥Fe1−𝑥CrGa, respectively at a 14 

fixed temperature 𝑇 =  
𝑇ℎ𝑜𝑡+𝑇𝑐𝑜𝑙𝑑

2
 = 300 K. The isothermal 𝑉𝑥𝑦(𝐻)  loops show negligible 15 
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hysteresis for all the samples, replicating their M(H) behavior. It is clearly seen that the 𝑉𝑥𝑦(𝐻) 1 

signal strength increases with increasing the value of ∆𝑇. 2 

 3 

 4 

Figure 5. 𝑉𝑥𝑦(𝐻) Hysteresis loops for (a) x = 0.0 and (b) x = 0.5 in Co1+xFe1-xCrGa at few 5 

selected temperatures for ∆𝑇 = +10 K. (c) Comparison of the magnetic field dependence of the 6 

transverse Seebeck coefficient, 𝑆𝑥𝑦(𝐻) =  
𝑉𝑥𝑦( 𝐻)

∆𝑇
× (

𝐿𝑧

𝐿𝑦
)  for all the samples in the series 7 

Co1+xFe1-xCrGa at T = 300 K for ∆𝑇 = +10 K. (d) Comparison of the x-dependence of the 8 

background-corrected anomalous Nernst coefficient, 𝑆𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡) =
𝑉𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡)

∆𝑇
× (

𝐿𝑧

𝐿𝑦
) =9 

 
1

2

[𝑉𝑥𝑦(+𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑥𝑦(−𝜇0𝐻𝑠𝑎𝑡)]

∆𝑇
× (

𝐿𝑧

𝐿𝑦
) at T = 300, 200 and 150 K. 10 

 11 

In Fig. 4(d), we present normalized anomalous Nernst voltage, 𝑆𝐴𝑁𝐸 × ∆𝑇 =12 

𝑉𝐴𝑁𝐸( 𝜇0𝐻𝑠𝑎𝑡) × (
𝐿𝑧

𝐿𝑦
), as a function of T for the samples Co1+xFe1-xCrGa at T = 300 K, where 13 

𝑉𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡)  is the background-corrected anomalous Nernst voltage defined 14 

as,  𝑉𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡) =  [
𝑉𝑥𝑦(+ 𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑥𝑦(−𝜇0𝐻𝑠𝑎𝑡)

2
] , 𝜇0𝐻𝑠𝑎𝑡  is the saturation field, 𝑆𝐴𝑁𝐸  is the 15 
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anomalous Nernst coefficient, 𝐿𝑦 ( = 3 mm for all the samples) is the separation between the 1 

voltage leads and 𝐿𝑧 is the sample thickness along which the ∆𝑇 was applied. It is evident that 2 

(𝑆𝐴𝑁𝐸 × ∆𝑇) varies linearly with ∆𝑇 for all the samples, indicating intrinsic contribution of the 3 

thermally induced ANE signal [13,15]. 4 

 5 

Fig. 5(a) and (b) demonstrate the 𝑉𝑥𝑦(𝐻) hysteresis loops for the samples x = 0 and 0.5 6 

in Co1+xFe1-xCrGa, respectively at few selected temperatures for a fixed value of ∆𝑇 = +10 K. 7 

The 𝑉𝑥𝑦(𝐻) hysteresis loops at different temperatures for the samples x = 0.2 and 0.4 are shown 8 

in the Fig. S8. [32] It is evident that the 𝑉𝑥𝑦(𝐻)  signal strength decreases with reducing 9 

temperature. In Fig. 5(c), we compare the magnetic field dependence of the transverse Seebeck 10 

coefficient, 𝑆𝑥𝑦(𝐻)  defined as, 𝑆𝑥𝑦(𝐻) =  
𝑉𝑥𝑦( 𝐻)

∆𝑇
× (

𝐿𝑧

𝐿𝑦
)  for all the samples in the series 11 

Co1+xFe1-xCrGa at T = 300 K for ∆𝑇  = +10 K. Clearly, the 𝑆𝑥𝑦(𝐻) signal increases with 12 

increasing Co doping (x). This is consistent with the fact that the thermally generated electric 13 

field induced by ANE is proportional to the magnetization through the expression, [4,13] 14 

𝑬𝑨𝑵𝑬
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ∝  (𝜇0𝑴⃗⃗⃗ × 𝛁𝑻⃗⃗⃗⃗  ⃗) and, 𝑀𝑆  of the samples Co1+xFe1-xCrGa also increases with x. In this 15 

context, let us consider the contribution of the ordinary Nernst effect (NE) which is linearly 16 

proportional to the applied magnetic field, 𝑬𝑵𝑬
⃗⃗ ⃗⃗ ⃗⃗  ⃗ ∝  (𝑯⃗⃗⃗ × 𝛁𝑻⃗⃗⃗⃗  ⃗) . The ordinary Nernst 17 

contribution, 𝑆𝑁𝐸 was estimated from the slope of the slowly varying segment of the 𝑆𝑥𝑦(𝐻) 18 

vs. H curves (i.e., for 𝐻 ≥ 𝐻𝑠𝑎𝑡) [13,15]. We found that |𝑆𝑁𝐸| ≈ 1.17 x 10-4, 1.15 x 10-4, 5.2 x 19 

10-5, and 7.6 x 10-4 nV. K-1, for x = 0, 0.2, 0.4 and 0.5 respectively at T = 300 K. Therefore, the 20 

ordinary NE contributes only ≈ 0.001% of the total Nernst signal and hence, can be neglected, 21 

which indicates the dominant contribution of ANE in these samples. Fig. 5(d) compares the Co 22 

doping level (x) dependence of the background-corrected anomalous Nernst coefficient, 23 

𝑆𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡) =
𝑉𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡)

∆𝑇
× (

𝐿𝑧

𝐿𝑦
) =  

1

2

[𝑉𝑥𝑦(+𝜇0𝐻𝑠𝑎𝑡)−𝑉𝑥𝑦(−𝜇0𝐻𝑠𝑎𝑡)]

∆𝑇
× (

𝐿𝑧

𝐿𝑦
) at T = 300, 200 and 24 
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150 K. It is evident that 𝑆𝐴𝑁𝐸(𝜇0𝐻𝑠𝑎𝑡) increases slowly with x for 𝑥 ≤ 0.4 but rapidly between 1 

x = 0.4 and 0.5 (when it transforms from SGS state to completely half-metallic state), whereas 2 

𝑀𝑆 increases linearly with x which signifies that the ANE signal is not solely governed by the 3 

magnetization of the samples. The value of 𝑆𝐴𝑁𝐸 for 𝑥 = 0.5 at T = 300 K is 0.063 V. K-1 4 

which is higher than that for Ni81Fe19 (0.048 V. K-1) [59] and compressively strained SrRuO3 5 

films (0.03 V. K-1) [60]. 6 

 7 

 8 

Figure 6. Temperature dependence of the anomalous Nernst coefficient  𝑆𝐴𝑁𝐸(𝑇) for (a) x = 9 

0.0, (b) x = 0.2, (c) x = 0.4 and (d) x = 0.5 fitted with Eqn. (1). 10 

 11 

We show the temperature dependence of the anomalous Nernst coefficient  𝑆𝐴𝑁𝐸(𝑇) for 12 

the samples x = 0, 0.2, 0.4 and 0.5 in Fig. 6(a), (b), (c) and (d), respectively. Notably, 𝑆𝐴𝑁𝐸(𝑇) 13 

for x = 0 decreases almost linearly with T in the temperature range, 105 K ≤ 𝑇 ≤ 300 K. 14 

However, for the samples x = 0.2 and 0.4, we could get good ANE signal only up to 150 K, 15 

and observed nearly T-linear behaviour in 𝑆𝐴𝑁𝐸(𝑇) for these two samples. Most interestingly, 16 

𝑆𝐴𝑁𝐸(𝑇) for the sample x = 0.5 shows T-linear behaviour in the range: 200 K ≤ 𝑇 ≤ 300 K, 17 
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but undergoes a prominent slope change at 200 K followed by a nonlinear T-dependence which 1 

is accompanied by a rapid decrease down to 125 K. In order to understand the underlying 2 

mechanism for the observed behavior of 𝑆𝐴𝑁𝐸(𝑇) in the series Co1+xFe1-xCrGa, let us begin 3 

with the correlations among 𝑆𝑥𝑦, 𝑆𝑥𝑥,  𝜌𝑥𝑥, and the transverse thermoelectric conductivity (the 4 

Nernst conductivity) 𝛼𝑥𝑦, which can be expressed as, 𝑆𝑥𝑦 = 𝜌𝑥𝑥(𝛼𝑥𝑦 − 𝑆𝑥𝑥𝜎𝑥𝑦), where 𝜎𝑥𝑦 5 

is the transverse electrical conductivity [13]. While 𝑆𝑥𝑥 is related to the energy derivative of 6 

the longitudinal electrical conductivity, 𝜎𝑥𝑥  at the Fermi level, 𝐸𝐹  through the 7 

expression [3,61]: 𝑆𝑥𝑥 =  
𝜋2𝑘𝐵

2𝑇

3𝑒𝜎𝑥𝑥
(
𝜕𝜎𝑥𝑥

𝜕𝐸
)
𝐸=𝐸𝐹

, 𝛼𝑥𝑦 is connected to the energy derivative of 𝜎𝑥𝑦 8 

at 𝐸𝐹 through the Mott’s relation, [3] 𝛼𝑥𝑦 = 
𝜋2𝑘𝐵

2𝑇

3𝑒
(
𝜕𝜎𝑥𝑦

𝜕𝐸
)
𝐸=𝐸𝐹

. Let us recall the power law for 9 

the anomalous Hall effect, which connects the transverse (𝜌𝑥𝑦) and the longitudinal resistivity 10 

( 𝜌𝑥𝑥 ) through the relation: 𝜌𝑥𝑦 =  𝜆𝜌𝑥𝑥
𝑛 , where 𝜆  is the spin-orbit coupling constant. 11 

Considering all the above-mentioned relations, 𝑆𝑥𝑦 can be expressed as,  [3,13] 12 

𝑆𝑥𝑦 = 𝜌𝑥𝑥
𝑛−1 [

𝜋2𝑘𝐵
2𝑇

3𝑒
(
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

− (𝑛 − 1)𝜆𝑆𝑥𝑥]    (1) 13 

Note that when n = 1, skew scattering is the dominating mechanism for the anomalous Nernst 14 

transport and 𝑆𝑥𝑦 will be independent/weakly-dependent on the bulk electrical transport as well 15 

as longitudinal thermoelectric properties of the material [62]. On the contrary, when n = 2, the 16 

intrinsic Berry curvature or, the side jump is the dominating mechanism for the anomalous 17 

Nernst transport [62]. Incorporating the 𝜌𝑥𝑥(𝑇) and 𝑆𝑥𝑥(𝑇) data, we fitted the 𝑆𝐴𝑁𝐸(𝑇) data 18 

for our Co1+xFe1-xCrGa samples using Eqn. (1) taking𝜆 , (
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

, and n as the fitting 19 

parameter. We found that 𝑆𝐴𝑁𝐸(𝑇) for samples x = 0 - 0.4 fits well with the Eqn. (1) throughout 20 

the measured temperature range, whereas that for x = 0.5 fits well only for 200 K ≤ 𝑇 ≤21 

300 K and deviates below 200 K. The value of n was found to decrease from 0.788 for x = 0 to 22 
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0.692 for x = 0.5 which signifies that the origin of ANE in the series Co1+xFe1-xCrGa is 1 

dominated by skew scattering mechanism [13–15,62].  2 

 3 

 4 

Figure 7. The x-dependence of (a) 𝜌𝑥𝑥 and (b) 𝑆𝑥𝑥 at T = 300, 250, 200 and 150 K in Co1+xFe1-5 

xCrGa. (c) The x-dependence of  |𝜆| (left-y-axis) and (
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

 (right-y-axis). 6 

 7 

We found that |𝜆| increases from (9.78 ± 0.7) x 10-5 for x = 0 to (2.94 ± 0.5) x 10-4 for 8 

x = 0.4 but then decreases to (1.35 ± 0.6) x 10-4 for x = 0.5. Moreover, the estimated values of 9 

(
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

 for the samples x = 0, 0.2, 0.4 and 0.5 are (1.02±0.02) x 1015, (1.11±0.05) x 1015, 10 

(1.17 ±0.04) x 1015 and, (9.87±0.16) x1014, respectively. Note that the absolute values of both 11 



  

21 
 

|𝜆| and (
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

are quite close to those obtained for Fe3O4 single crystals [13]. It is known 1 

that the Hall angle is related to 𝜆 and 𝜌𝑥𝑥 through the expression: tan 𝜃𝑥𝑦 =  
𝜎𝑥𝑦

𝜎𝑥𝑥
=

𝜆

𝜌𝑥𝑥
1−𝑛 [13]. 2 

Since (1 − 𝑛) > 0 for our Co1+xFe1-xCrGa samples, 𝜆 ∝  𝜌𝑥𝑥
1−𝑛, and hence the x-dependence of 3 

|𝜆| should follow the behavior of x-dependence of 𝜌𝑥𝑥. Interestingly, as shown in Fig. 7, the x-4 

dependence of both |𝜆| and (
𝜕𝜆

𝜕𝐸
)
𝐸=𝐸𝐹

 for Co1+xFe1-xCrGa follow the trend of x-dependence of 5 

𝜌𝑥𝑥 as well as 𝑆𝑥𝑥, indicating the significant role of longitudinal electrical and thermoelectric 6 

transport properties in anomalous Nernst transport in this system. Our comprehensive studies 7 

reported in this manuscript emphasize that there are several possibilities to enhance the 8 

conversion efficiency of heat into Nernst thermopower by tuning the chemical composition of 9 

SGSs and therefore, they can be very promising candidates for extremely tunable highly 10 

efficient spin-caloritronics based device applications. 11 

 12 

4. Conclusions 13 

In summary, we present the first comprehensive investigation of the anomalous Nernst effect 14 

in the quaternary Heusler alloy-based spin gapless semiconductors Co1+xFe1−xCrGa. We found 15 

that the electron-electron elastic scattering and the disorder mediated weak localization effect 16 

play the major roles in electrical transport for all the samples at low temperatures, whereas the 17 

magnon-drag effect is found to dominate the longitudinal thermoelectric transport. The ANE 18 

coefficient, 𝑆𝐴𝑁𝐸 increases slowly with x for 𝑥 ≤ 0.4 but rapidly between x = 0.4 and 0.5, when 19 

the system transforms from the SGS state to the completely half-metallic state. The value of 20 

𝑆𝐴𝑁𝐸 for 𝑥 = 0.5 at T = 300 K is 0.063 V. K-1 which is higher than that for Ni81Fe19 and 21 

compressively strained SrRuO3 films. Our analysis indicates that the observed ANE originates 22 

from asymmetric skew-scattering of charge carriers. 23 

 24 
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