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Eq.3.3. We notice that the major contribution of AHC comes from the neighborhood of nodal lines.
The AHC as a function of £/ — E'r is shown in Fig.3.6¢. The calculated AHC value at E' is found
77.29 S/cm, which well matches with the experimentally found intrinsic AHC of 78.6 S/cm. We
have also calculated the energy-dependent AHC as shown in Fig.3.6¢ and it is evident that Fermi

level shift in CoFeGe will result in an increased AHC.

3.4 Conclusion

In conclusion, we have experimentally investigated the AHE in Co,FeGe Heusler alloy and per-
formed first principle calculations to understand the origin of intrinsic AHE. Experimentally AHC
was found close to 100 S/cm at 300 K with an intrinsic contribution of 78.6 S/cm. Berry curvature
calculations give AHC about 77.29 S/cm due to magnetization-induced gapped nodal line near the

Er, which is in good agreement with the experimentally calculated intrinsic AHC.
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Now we will discuss the ANE in the present compound. The ANE is the thermoelectric counterpart
of AHE, where the temperature gradient is used for the motion of charges instead of the electric
field [61]. The origin of ANE is closely related to the AHE and the key difference is that the AHE
is the summation of the Berry curvature over all occupied states, while the ANE is the sum of the
Berry curvature of states close to the Fermi energy i.e the ANC is the sum of the Berry curvature
on the Fermi surface [52, 61]. The magnitude of ANC is related to the variation of the AHC near
the Fermi energy. The strong Berry curvature on the Fermi surface gives the % =0.013 A/m-K?
and hence the ANC reaches the ~ 3.98 A/m-K at 300 K, which is similar to the highest reported
value of ANC is 4.0 A/m-K in the CooMnGa experimentally. The variation of the ANC with the
Fermi energy is shown in Fig. 6.4 (b). The large ANC value of about 40 A/m-K below 250 meV of
the Fermi energy might be due to the flat band at this energy level. The flat band is a known route

to produce the large anomalous Nernst effect in the material [62, 63].

6.4 Conclusion

In conclusion, we theoretically investigated the electronic, magnetic, and anomalous transport prop-
erties of Cu,CoSn full Heusler compound. We have shown that the gapped NLs at the Fermi energy
lead to the large AHC and ANC in the system. Therefore, the CuyCoSn is added as a new candidate
in the family of Heusler compounds with high AHC and ANC. This work provides a comprehen-
sive understanding of the anomalous transport properties in the NL hosting magnetic materials and

motivates the further exploration of the CuyCoSn Heusler compound through experimental studies.

References

[1] M. Ikhlas, T. Tomita, T. Koretsune, M.-T. Suzuki, D. Nishio-Hamane, R. Arita, Y. Otani, and
S. Nakatsuji, Large anomalous Nernst effect at room temperature in a chiral antiferromagnet,

Nat. Phys. 13, 1085 (2017).

[2] S. N. Guin, K. Manna, J. Noky, S. J. Watzman, C. Fu, N. Kumar, W. Schnelle, C. Shekhar,
Y. Sun, J. Gooth, et al., Anomalous Nernst effect beyond the magnetization scaling relation

in the ferromagnetic Heusler compound Co,MnGa, NPG Asia Mater. 11, 16 (2019).

156 Gaurav Kumar Shukla



CHAPTER 6. NODAL-LINE SYMMETRY BREAKING INDUCED COLOSSAL ANOMALOUS HALL AND
NERNST EFFECTS IN CU;COSN HEUSLER COMPOUND

[62] T. Asaba, V. Ivanov, S. Thomas, S. Savrasov, J. Thompson, E. Bauer, and F. Ronning, Colos-
sal anomalous Nernst effect in a correlated noncentrosymmetric kagome ferromagnet, Sci.

Adv. 7, eabf1467 (2021).

[4] M. Mizuguchi and S. Nakatsuji, Energy-harvesting materials based on the anomalous Nernst

effect, Sci. Technol. Adv. Mater. 20, 262 (2019).

[63] T.Chen, S. Minami, A. Sakai, Y. Wang, Z. Feng, T. Nomoto, M. Hirayama, R. Ishii, T. Koret-
sune, R. Arita, et al., Large anomalous Nernst effect and nodal plane in an iron-based kagome

ferromagnet, Sci. Adv. 8, eabk1480 (2022).

[6] A. Sakai, S. Minami, T. Koretsune, T. Chen, T. Higo, Y. Wang, T. Nomoto, M. Hirayama,
S. Miwa, D. Nishio-Hamane, et al., [ron-based binary ferromagnets for transverse thermoelec-

tric conversion, Nature 581, 53 (2020).

[7] H. Yang, W. You, J. Wang, J. Huang, C. Xi, X. Xu, C. Cao, M. Tian, Z.-A. Xu, J. Dai, and
Y. Li, Giant anomalous Nernst effect in the magnetic Weyl semimetal Co3SnyS,, Phys. Rev.

Materials 4, 024202 (2020).

[8] G.-Y. Guo and T.-C. Wang, Large anomalous Nernst and spin Nernst effects in the non-

collinear antiferromagnets Mn3 X (X= Sn, Ge, Ga), Physical Review B 96, 224415 (2017).

[9] S. Wang, B.-C. Lin, A.-Q. Wang, D.-P. Yu, and Z.-M. Liao, Quantum transport in Dirac and
Weyl semimetals: A review, Adv. Phys.: X 2, 518 (2017).

[10] M. Z. Hasan, G. Chang, 1. Belopolski, G. Bian, S.-Y. Xu, and J.-X. Yin, Weyl, Dirac and

high-fold chiral fermions in topological quantum matter, Nat. Rev. Mater. 6, 784 (2021).

[11] A.H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, The electronic

properties of graphene, Rev. Mod. Phys. 81, 109 (2009).

[12] M. Z. Hasan and C. L. Kane, Colloquium: Topological insulators, Rev. Mod. Phys. 82, 3045

(2010).

[13] O.Vafek and A. Vishwanath, Dirac fermions in solids: From high-T, cuprates and graphene to

topological insulators and Weyl semimetals, Annu. Rev. Condens. Matter Phys. 5, 83 (2014).

Gaurav Kumar Shukla 157



CHAPTER 6. NODAL-LINE SYMMETRY BREAKING INDUCED COLOSSAL ANOMALOUS HALL AND
NERNST EFFECTS IN CU;COSN HEUSLER COMPOUND

[14] H. Weyl, Gesammelte Abhandlungen: Band 1 bis 4, Vol. 4 (Springer-Verlag, 1968).
[15] A. Burkov, Topological semimetals, Nat. Mater. 15, 1145 (2016).

[16] M. Z. Hasan, S.-Y. Xu, L. Belopolski, and S.-M. Huang, Discovery of Weyl fermion semimet-

als and topological Fermi arc states, Annu. Rev. Condens. Matter Phys. 8, 289 (2017).

[17] N. P. Armitage, E. J. Mele, and A. Vishwanath, Weyl and Dirac semimetals in three-
dimensional solids, Rev. Mod. Phys. 90, 015001 (2018).

[18] B. Yan and C. Felser, Topological materials: Weyl semimetals, Annu. Rev. Condens. Matter

Phys. 8, 337 (2017).

[19] S.-Y. Xu, L. Belopolski, N. Alidoust, M. Neupane, G. Bian, C. Zhang, R. Sankar, G. Chang,
Z. Yuan, C.-C. Lee, et al., Discovery of a Weyl Fermion semimetal and topological Fermi

arcs, Science 349, 613 (2015).

[20] L. Yang, Z. Liu, Y. Sun, H. Peng, H. Yang, T. Zhang, B. Zhou, Y. Zhang, Y. Guo, M. Rahn,
et al., Weyl semimetal phase in the non-centrosymmetric compound TaAs, Nat. Phys. 11, 728

(2015).

[21] B. Lv, N. Xu, H. Weng, J. Ma, P. Richard, X. Huang, L. Zhao, G. Chen, C. Matt, F. Bisti,
et al., Observation of Weyl nodes in TaAs, Nat. Phys. 11, 724 (2015).

[22] Y. Sun, Y. Zhang, C. Felser, and B. Yan, Strong intrinsic spin Hall effect in the TaAs family
of Weyl semimetals, Phys. Rev. Lett. 117, 146403 (2016).

[23] S.-Y. Xu, I. Belopolski, D. S. Sanchez, C. Zhang, G. Chang, C. Guo, G. Bian, Z. Yuan, H. Lu,
T.-R. Chang, et al., Experimental discovery of a topological Weyl semimetal state in TaP, Sci.

Adv. 1, 1501092 (2015).

[24] P. Chaudhary, K. K. Dubey, G. K. Shukla, S. Singh, S. Sadhukhan, S. Kanungo, A. K. Jena,
S.-C. Lee, S. Bhattacharjee, J. Minar, and S. W. D’Souza, Role of chemical disorder in tuning

the Weyl points in Vanadium doped Co,TiSn, Phys. Rev. Mater. 5, 124201 (2021).

[25] G. K. Shukla, J. Sau, N. Shahi, A. K. Singh, M. Kumar, and S. Singh, Anomalous Hall effect

from gapped nodal line in the Co,FeGe Heusler compound, Phys. Rev. B 104, 195108 (2021).

158 Gaurav Kumar Shukla



CHAPTER 6. NODAL-LINE SYMMETRY BREAKING INDUCED COLOSSAL ANOMALOUS HALL AND
NERNST EFFECTS IN CU;COSN HEUSLER COMPOUND

[26] Z. Wang, M. G. Vergniory, S. Kushwaha, M. Hirschberger, E. V. Chulkov, A. Ernst, N. P.
Ong, R. J. Cava, and B. A. Bernevig, Time-reversal-breaking Weyl fermions in magnetic

Heusler alloys, Phys. Rev. Lett. 117, 236401 (2016).

[27] A.Burkov, M. Hook, and L. Balents, Topological nodal semimetals, Phys. Rev. B 84, 235126

(2011).
[28] M. Phillips and V. Aji, Tunable line node semimetals, Phys. Rev. B 90, 115111 (2014).

[29] C. Fang, Y. Chen, H.-Y. Kee, and L. Fu, Topological nodal line semimetals with and without
spin-orbital coupling, Phys. Rev. B 92, 081201 (2015).

[30] Y. Kim, B. J. Wieder, C. L. Kane, and A. M. Rappe, Dirac line nodes in inversion-symmetric
crystals, Phys. Rev. Lett. 115, 036806 (2015).

[31] G. Bian, T.-R. Chang, R. Sankar, S.-Y. Xu, H. Zheng, T. Neupert, C.-K. Chiu, S.-M. Huang,
G. Chang, 1. Belopolski, et al., Topological nodal-line fermions in spin-orbit metal PbTaSes,

Nat. Commun. 7, 10556 (2016).

[32] L. M. Schoop, M. N. Ali, C. Straer, A. Topp, A. Varykhalov, D. Marchenko, V. Duppel,
S. S. Parkin, B. V. Lotsch, and C. R. Ast, Dirac cone protected by non-symmorphic symmetry

and three-dimensional dirac line node in ZrSiS, Nat. Commun. 7, 11696 (2016).

[33] J. Hu, Z. Tang, J. Liu, X. Liu, Y. Zhu, D. Graf, K. Myhro, S. Tran, C. N. Lau, J. Wei, and
Z. Mao, Evidence of topological nodal-line fermions in ZrSiSe and ZrSiTe, Phys. Rev. Lett.
117, 016602 (2016).

[34] K. Manna, Y. Sun, L. Muechler, J. Kiibler, and C. Felser, Heusler, Weyl and Berry, Nat. Rev.

Mater. 3, 244 (2018).

[35] E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S.-Y. Yang, D. Liu, A. Liang,
Q. Xu, et al., Giant anomalous Hall effect in a ferromagnetic kagome-lattice semimetal, Nature

physics 14, 1125 (2018).

[36] T. Graf, C. Felser, and S. S. Parkin, Simple rules for the understanding of Heusler compounds,
Prog. Solid. State Ch. 39, 1 (2011).

Gaurav Kumar Shukla 159



CHAPTER 6. NODAL-LINE SYMMETRY BREAKING INDUCED COLOSSAL ANOMALOUS HALL AND
NERNST EFFECTS IN CU;COSN HEUSLER COMPOUND

[37]

[38]

[39]

[43]

[44]

[45]

C. Felser, L. Wollmann, S. Chadov, G. H. Fecher, and S. S. Parkin, Basics and prospective of

magnetic Heusler compounds, APL materials 3, 041518 (2015).

C. Felser and A. Hirohata, Heusler alloys (Springer, 2015).

G. Chang, S.-Y. Xu, H. Zheng, B. Singh, C.-H. Hsu, G. Bian, N. Alidoust, I. Belopolski, D. S.
Sanchez, S. Zhang, et al., Room-temperature magnetic topological Weyl fermion and nodal
line semimetal states in half-metallic Heusler Co,TiX (X= Si, Ge, or Sn), Sci. Rep. 6, 38839
(2016).

P. Li, J. Koo, W. Ning, J. Li, L. Miao, L. Min, Y. Zhu, Y. Wang, N. Alem, C.-X. Liu, et al.,
Giant room temperature anomalous Hall effect and tunable topology in a ferromagnetic topo-

logical semimetal CooMnAl, Nat. Commun. 11, 3476 (2020).

A. Sakai, Y. P. Mizuta, A. A. Nugroho, R. Sihombing, T. Koretsune, M.-T. Suzuki, N. Take-
mori, R. Ishii, D. Nishio-Hamane, R. Arita, ef al., Giant anomalous nernst effect and quantum-

critical scaling in a ferromagnetic semimetal, Nature Physics 14, 1119 (2018).

B. Bradlyn, L. Elcoro, J. Cano, M. Vergniory, Z. Wang, C. Felser, M. 1. Aroyo, and B. A.

Bernevig, Topological quantum chemistry, Nature 547, 298 (2017).

M. Vergniory, L. Elcoro, C. Felser, N. Regnault, B. A. Bernevig, and Z. Wang, A complete

catalogue of high-quality topological materials, Nature 566, 480 (2019).

Y. Ji, W. Zhang, H. Zhang, and W. Zhang, Spin Hall conductivity and anomalous Hall con-
ductivity in full Heusler compounds, New J. of Phys. 24, 053027 (2022).

P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L.
Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi,
R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos,
N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia,
S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, and R. M. Wentzcovitch,
QUANTUM ESPRESSO: a modular and open-source software project for quantum simula-

tions of materials, J. Phys. Condens. Matter 21, 395502 (2009).

160

Gaurav Kumar Shukla



CHAPTER 6. NODAL-LINE SYMMETRY BREAKING INDUCED COLOSSAL ANOMALOUS HALL AND
NERNST EFFECTS IN CU;COSN HEUSLER COMPOUND

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[54]

[55]

[56]

D. R. Hamann, Optimized norm-conserving vanderbilt pseudopotentials, Phys. Rev. B 88,

085117 (2013).

J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient approximation made simple,

Phys. Rev. Lett. 77, 3865 (1996).

N. Marzari and D. Vanderbilt, Maximally localized generalized Wannier functions for com-

posite energy bands, Phys. Rev. B 56, 12847 (1997).

I. Souza, N. Marzari, and D. Vanderbilt, Maximally localized Wannier functions for entangled

energy bands, Phys. Rev. B 65, 035109 (2001).

M. Gradhand, D. V. Fedorov, F. Pientka, P. Zahn, I. Mertig, and B. L. Gyorfty, J. Phys.
Condens. Matter 24, 213202 (2012).

J. Noky, Q. Xu, C. Felser, and Y. Sun, Large anomalous Hall and Nernst effects from nodal
line symmetry breaking in FeoMn X (X =P, As, Sb), Phys. Rev. B 99, 165117 (2019).

J. Noky, J. Gooth, C. Felser, and Y. Sun, Characterization of topological band structures away

from the Fermi level by the anomalous Nernst effect, Phys. Rev. B 98, 241106 (2018).

B. Emst, R. Sahoo, Y. Sun, J. Nayak, L. Miichler, A. K. Nayak, N. Kumar, J. Gayles,
A. Markou, G. H. Fecher, and C. Felser, Anomalous Hall effect and the role of Berry cur-
vature in Co,TiSn Heusler films, Phys. Rev. B 100, 054445 (2019).

K. Manna, L. Muechler, T.-H. Kao, R. Stinshoff, Y. Zhang, J. Gooth, N. Kumar, G. Kreiner,
K. Koepernik, R. Car, J. Kiibler, G. H. Fecher, C. Shekhar, Y. Sun, and C. Felser, From
colossal to zero: Controlling the anomalous Hall effect in magnetic Heusler compounds via

Berry curvature design, Phys. Rev. X 8, 041045 (2018).

G. K. Shukla, A. K. Jena, N. Shahi, K. K. Dubey, 1. Rajput, S. Baral, K. Yadav, K. Mukherjee,
A. Lakhani, K. Carva, S.-C. Lee, S. Bhattacharjee, and S. Singh, Atomic disorder and Berry
phase driven anomalous Hall effect in a CosFeAl Heusler compound, Phys. Rev. B 105,

035124 (2022).

V. T.N. Huyen, M.-t. Suzuki, K. Yamauchi, and T. Oguchi, Topology analysis for anomalous

Gaurav Kumar Shukla 161



CHAPTER 6. NODAL-LINE SYMMETRY BREAKING INDUCED COLOSSAL ANOMALOUS HALL AND
NERNST EFFECTS IN CU;COSN HEUSLER COMPOUND

[57]

[60]

[63]

Hall effect in the noncollinear antiferromagnetic states of MngAN (A= Ni, Cu, Zn, Ga, Ge,

Pd, In, Sn, Ir, Pt), Phys. Rev. B 100, 094426 (2019).

I. Samathrakis, N. Fortunato, H. K. Singh, C. Shen, and H. Zhang, Tunable anomalous Hall

and Nernst effects in MM’X compounds, arXiv preprint arXiv:2207.03320 (2022).

F. Mende, J. Noky, S. N. Guin, G. H. Fecher, K. Manna, P. Adler, W. Schnelle, Y. Sun, C. Fu,
and C. Felser, Large anomalous Hall and Nernst effects in high Curie-temperature iron-based

Heusler compounds, Adv. Sci. 8, 2100782 (2021).

T. Chen, T. Tomita, S. Minami, M. Fu, T. Koretsune, M. Kitatani, I. Muhammad, D. Nishio-
Hamane, R. Ishii, F. Ishii, et al., Anomalous transport due to Weyl fermions in the chiral

antiferromagnets Mn3 X, X= Sn, Ge, Nat. commun. 12, 572 (2021).

Y. Wang, C. Xian, J. Wang, B. Liu, L. Ling, L. Zhang, L. Cao, Z. Qu, and Y. Xiong,
Anisotropic anomalous Hall effect in triangular itinerant ferromagnet Fe;GeTe,, Phys. Rev.

B 96, 134428 (2017).

M. Park, G. Han, and S. H. Rhim, Anomalous Hall effect in a compensated ferrimagnet: Sym-

metry analysis for Mn3zAl, Phys. Rev. Research 4, 013215 (2022).

T. Asaba, V. Ivanov, S. Thomas, S. Savrasov, J. Thompson, E. Bauer, and F. Ronning, Colos-
sal anomalous Nernst effect in a correlated noncentrosymmetric kagome ferromagnet, Sci.

Adv. 7, eabf1467 (2021).

T. Chen, S. Minami, A. Sakai, Y. Wang, Z. Feng, T. Nomoto, M. Hirayama, R. Ishii, T. Koret-
sune, R. Arita, ef al., Large anomalous Nernst effect and nodal plane in an iron-based kagome

ferromagnet, Sci. Adv. 8, eabk1480 (2022).

162

Gaurav Kumar Shukla



CHAPTER 7. OBSERVATION OF THE TOPOLOGICAL HALL EFFECT AND SIGNATURE OF SKYRMIONS
IN HIGH CURIE-TEMPERATURE CO3;FEAL HEUSLER COMPOUND

change interaction, and dipolar interactions. This study presents indirect evidence of the signature
of skyrmions and triggers the additional observation through Lorentz transmission electron mi-
croscopy (LTEM) or diffraction studies in the future. Owing to the high Curie temperature and
significant THE, this material is useful for potential technological applications at room temperature

as well as high temperatures.
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