Chapter 6

Nodal-line symmetry breaking induced
colossal anomalous Hall and Nernst effects

in CuoCoSn Heusler compound

This work is authored by Gaurav K. Shukla et al. and published in Appl. Phys. Lett. 123, 052402
(2023).



CHAPTER 6. NODAL-LINE SYMMETRY BREAKING INDUCED COLOSSAL ANOMALOUS HALL AND
NERNST EFFECTS IN CU3;COSN HEUSLER COMPOUND

In this chapter, the anomalous Hall and Nernst effect in the Cu,CoSn Heusler compound have been
studied using theoretical calculations. We found the nodal lines lie very close to the Fermi level.
The nodal lines are gapped out due to the spin-orbit coupling (SOC) and create substantial Berry
curvature around it. The Berry curvature calculation gives a large anomalous Hall conductivity
(AHC) of about 1000 S/cm and anomalous Nernst conductivity (ANC) of about 3.98 A/m-K due to

the large Berry curvature at the Fermi surface.

6.1 Introduction

In the preceding chapters, we extensively explored the anomalous Hall effect (AHE) in different
Co-based Heusler compounds. Anomalous Nernst effect (ANE); another interesting phenomenon
that is a counterpart of AHE describes the generation of transverse voltage drop in the material
with broken time-reversal symmetry (TRS) when subjected to a longitudinal temperature gradient
[1, 2, 62]. The ANE is closely analogous to the AHE i.e. ANE also arises from intrinsic and ex-
trinsic contributions [2, 4]. Several experimental, as well as theoretical studies on ANE, have been
reported on magnetic materials [2, 68, 63]. The discovery of topological materials simulated sig-
nificant interest in condensed matter physics for their unique electronic properties and potential for
technological applications [9—12]. Among these materials, topological semimetals (TSMs) have
emerged as a particularly intriguing class of gapless electronic phases exhibiting topologically pro-
tected stable crossings of energy bands [9, 10]. The Dirac semimetal, a category of TSMs exhibits
a four-fold degeneracy at the Dirac point, while Weyl semimetals (WSMs), which are a subset of
Dirac semimetals, arise when inversion and/or time-reversal symmetry is broken, leading to the
formation of Weyl points and the lifting of this degeneracy [13—-16]. WSMs show a variety of
interesting phenomena such as chiral anomaly, chiral magnetotransport, and anomalous transport
response owing to their unique band topology [17-26]. WSMs have been extensively discovered as
a consequence of breaking inversion symmetry (IS) [19-23]. More recently, a new class of WSMs,
known as magnetic WSMs, have been identified arising from the breaking of TRS [24, 25]. The
notable advantage of magnetic WSMs over conventional WSMs is their susceptibility to easy ma-
nipulation of band topology by controlling the direction of the magnetic moment [24, 26]. Besides

the zero dimension crossing of bands in the WSMs, the higher dimension crossing is also possible,
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where the bands cross each other along a closed curve called nodal lines (NLs) [27, 28]. These NLs
are generally protected by the certain symmetry of the crystal. E.g., the TRS and IS can protect the
NLs in the absence of spin-orbit coupling (SOC) [29, 30]. The mirror symmetries with opposite
eigenvalues can also protect the NLs both in the presence and absence of SOC [31-33]. WSMs are
prominent materials for the large AHE and ANE as the Weyl points in the momentum space act
as the magnetic monopole and are the source and drain of the Berry curvature [2, 34]. Besides the
Weyl points, if the NLs present in the k-space gap out due to SOC, the Berry curvature introduces
along the gapped NLs and creates the transverse voltage in the system [2, 34]. If the Weyl points
or gapped NLs are near the Fermi level their signatures can be observed in the anomalous transport
properties of materials [25, 35]. For e.g., the first discovered magnetic WSMs Co3Snsy S, shows the
large anomalous Hall conductivity (AHC) due to the gapped NLs and the Weyl points present in the
system [35]. The ANE in the Co3Sn,So, Mn3X (X = Ge, Sn) and Fe3 X (X = Ga, Al) are interesting
due to their characteristic low-energy electronics structure including Weyl points near to the Fermi
energy [6-8, 63]. Among the different classes of materials, Heusler compounds are promising for
their wide range of properties [36—38]. Recently, Heusler compounds attracted much interest as
quantum material because some of them are discovered as magnetic WSM due to the co-existence
of the magnetism and the topology [2, 24-26, 39]. Heusler compounds also promise the large AHE
and ANE due to large Berry curvature associated with their topological band structure [2, 40]. The
largest AHC (~ 1260 S/cm [2] and 2000 S/cm at 2T [41]) and anomalous Nernst conductivity

(ANC) (~ 4 A/m-k [41]) so far, reported in the CooMnGa magnetic Heusler compound.

Cuy,CoSn Heusler compound has been identified as the topological semimetal in the topological
material database and expected to exhibit large AHC [42—44]. In the present work, we theoretically
investigated the structural, magnetic, and anomalous transport properties in the CuyCoSn Heusler
compound. Cu;CoSn is a ferromagnetic material, which exhibits the NLs at the Fermi level, that
are protected by the mirror symmetry of the lattice. Upon introducing the SOC in the Hamiltonian
and by setting the magnetization axis along [001] direction, we found the NLs gapped out and the
large Berry curvature appears over the Fermi surface, which results in the large AHC and ANC in
the system. The Berry curvature calculation gives the AHC and ANC around ~1000 S/cm and ~

3.98 A/m-K at the Fermi level, which is comparable to the largest reported AHC and ANC in the
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well known Coo,MnGa Heusler compound [2].

6.2 Computational details

The ab initio calculation for the electronic band structure of Cu,CoSn was performed by employing
the density functional theory using the Quantum Espresso code [45]. The Plane wave basis set and
the Optimized norm-conserving Vanderbilt pseudo-potentials [46] were used for the calculation.
The plane wave cutoff energy was chosen at 80 Ry and the exchange-correlation functional was
chosen in the generalized gradient approximation [47]. The integration in k-space was carried out
with 8x8x 8 grid and the convergence criterion of total energy was chosen 10~8 eV. We extracted
the Wannier functions from the DFT bands by Wannier90 code [48, 49]. The maximally localized
Wannier functions (MLWFs) for p orbitals on Sn and p,, d orbitals on Cu and s, p., and d orbitals on
Co have been used as the basis of the tight-binding Hamiltonian. The Kubo formula implemented
in the Wannier90 code was used for the calculation of the Berry curvature, which can be given as
[50]
o ) (| 55 ) — (i <= )

n N oR
= ZT; B, E (6.1)

Here E,, and |n) are the eigenvalue and eigenstate of the Hamiltonian H.

The AHC can be calculated using the equation;

e? Pk
S zn:/ (27r)39ijfn' (6.2)

Here, f,, represents the Fermi distribution function. The expression for ANC can be given as [2];

e d*k
o3 =77 2 [ Gl

KpTin(1 + exp(—E[’gT“ N (6.3)
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Near zero temperature, the above equation can be written as

A
Yy _ _m K doy (6.4)
T 3 e du
where a;‘}, Kp, oij and 1 are the ANC, Boltzmann constant, AHC, and chemical potential, respec-
tively.

6.3 Result and discussion

We investigated the Cu,CoSn regular full Heusler compound with space group Fm3m and the unit
cell of the compound is shown in Fig. 6.1(a). The special Wyckoff’s positions 8c (0.25, 0.25, 0.25),
4b (0.5, 0.5,0.5), and 4a (0, 0, 0) were considered for Cu, Co, and Sn atoms, respectively. The crys-
tal structure has space inversion symmetry with three perpendicular relevant mirror planes. Figure
6.1(b) shows the energy versus lattice parameter curve, which suggests the lattice parameter a=b =

¢ =6.05 A for the present system. The compound is ferromagnetic with a magnetic moment of 1.15
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Figure 6.1: (a) An unit cell of CuyCoSn Heusler compound. Blue, red, and green colors represent
the Cu, Co, and Sn atoms, respectively. Three perpendicular mirror planes are designated as m,, m,,
and m., respectively. (b) Energy versus lattice parameter curve for the Cu,CoSn Heusler compound.

1 per formula of the unit cell. The cobalt atom contributes exclusively to the magnetization (uc,
= 1.147 pp/ta.) as Cu and Sn are the non-magnetic elements. The non-integer magnetic moment

suggests that the system deviates from the half-metallic behavior. In the absence of SOC, the crys-
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tal symmetry of magnetic Cu,CoSn full Heusler compound belongs to space group Fm3m, which
exhibits three relevant mirror reflection symmetries m,=0, m,=0 and m.=0 in the planes k,=0, k,=0
and k,=0, respectively [25, 51, 52]. In each of these planes, there is a mirror symmetry protected
NL in the Brillouin zone derived from the opposite eigenvalue of mirror symmetries and cross each
other at six distinct points [26, 51, 52]. These NLs gap out in the presence of SOC according to
the magnetization direction, e.g., if the magnetization is considered along [001] direction, then the
mirror symmetries m, and m, are no longer remain symmetry planes, while the m, remains the
symmetry plane, as the z-component of the spin .S, is left invariant by m,. Therefore, the NL in
the k, = 0 and k,, = 0 planes gap out, while the NL in the k.=0 remain still protected by the mirror
reflection symmetry. The total outward Berry flux from the gapless NL is zero, while the gapped
NLs produce the non-zero Berry flux in the surrounding area [25, 53]. The NLs in the &k, = 0 and
k, = 0 planes gapped out due to SOC result into the band anti-crossings, which restricts the Berry

curvature to be aligned in magnetization direction [54].

Figure 6.2(a) represents the Brillouin zone of the FCC lattice with high-symmetry lines and points.
The spin-polarized band structure of CuyCoSn along high-symmetry £ path X (0.5, 0, 0.5)-I" (0,
0, 0)-L (0.5, 0.5, 0.5)-W (0.50, 0.25, 0.75)-K (0.375, 0.375, 0.750) -I" (0, 0, 0) in the k,=0 plane
is shown Fig. 6.2(b). Noteworthy, the coordinates of high-symmetry point L remain the same re-
gardless of the chosen plane. The red and blue colors represent the majority and minority states,
respectively. Two crossings; one is made from the crossing of the majority and minority spin states
(say A) and another between minority spin states (say B) at the Fermi level along the K-I" direction
[inset of Fig. 6.2(b)] seems a feature of interest in the band structure as there is a possibility of the
formation of NL in the Brillouin zone. Since SOC plays a pivotal role in realizing the anomalous
transport in materials and is also ubiquitous in materials with 3d elements [25], therefore it is nec-
essary to study the band structure with non-vanishing SOC. The band structure in the presence of
SOC in the k.=0 plane of the Brillouin zone is shown in Fig. 6.2(c). The crossing points A and B are
still intact with SOC [inset of Fig. 6.2(c)], which indicates that crossings (NLs) are still protected
by the m, mirror reflection symmetry of the lattice. Now, we plotted the SOC band structure of the
CuyCoSn along the high-symmetry & path X” (0, 0.5, 0.5)-I" (0, 0, 0)-L (0.5, 0.5, 0.5)-W’ (0.75, 0.25,
0.50)-K’ (0.750, 0.375, 0.375)-I" (0, 0, 0) in the k, =0 plane as shown in Fig. 6.2(d). The degener-
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Figure 6.2: (a) A Brillouin zone of the face-centered cubic lattice with high-symmetry points and
lines. (b) Spin-polarized band structure (spin-up: red; spin-down: blue) in k, =0 plane. (c) Band
structure with spin-orbit coupling (SOC) in the k, =0 plane. (d) Band structure with SOC in £, =0
plane. The inset of (b),(c), and (d) show an enlarged view around the crossing points A and B along
the K- I" direction.

acy of crossing point A lost due to SOC in the k,=0 plane and hence a gap of 7 meV opens at the
crossing point because k, =0 plane no longer remains the symmetry of plane when magnetization
is along [001] direction. The crossing point B also no longer persists due to SOC and disappears.
The zoom view around the crossing points A and B is shown in the inset of Fig.6.2(d). To calcu-
late the topological properties for e.g. Berry curvature, AHC, and ANC, etc., we constructed the
MLWEF from the Bloch states using Wannier90 code and found a good match between the electronic
and Wannier interpolated band structure. The Wannier interpolation is an effective tool to calcu-
late the k-space integrals, which are involved in finding out several properties of materials such as
AHC, ANC, spin Hall conductivity, optical properties, etc[48, 49, 55]. To visualize the NLs in
the Brillouin zone, we plotted the band gaps corresponding to the band crossings A and B in the
two-dimensional Brillouin zone on two different k-planes. Figure 6.3(a-i) shows the energy gap of

crossing A in the k, = 0 plane, in which mirror symmetry (m,) is preserved even in the presence of
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Figure 6.3: (a) and (b) The energy gap in (i) £, = 0 plane (ii) k£, = 0 plane and Berry curvature
distribution in the (ii1) £, =0 plane (iv) k, =0 plane, for crossings A and B, respectively. The black
color in (i) and (i) represents the vanishing energy gap of the bands. (c¢) Fermi surface (solid lines)
and Berry curvature (color map) in the (i) k, = 0 plane (ii) k, = 0 plane. (d) The normalized Berry
curvature for the Weyl points in k£, = 0 plane. The Weyl points act as the source and drain of the
Berry flux.

SOC. As a consequence, a closed NL is observed in this plane as shown in the black color, which is
protected by the m, mirror reflection symmetry. The Berry curvature was calculated in the same k&,
= 0 plane as presented in Fig. 6.3(a-iii), which shows that the Berry curvature around the preserved
NL is very weak. It is interesting to look at the NL and Berry curvature in the &, = 0 plane, which
is not a plane of symmetry after considering the SOC and the magnetization direction. The NL,
which was preserved in the &, = 0 plane, gapped out in the &, = 0 plane (Fig. 6.3(a-i1)), because of
the mirror symmetry in this plane breaks upon considering the SOC and magnetization direction.
The Berry curvature distribution in the same &, = 0 planes is shown in Fig. 6.3(a-iv). As expected,
a strong Berry curvature induces along the gapped NL, which can manifest a large transverse re-
sponse in the system. A similar kind of NL and the Berry curvature is also expected in the k, = 0
plane. Similarly, we have also plotted the energy gap and Berry curvature for crossing B in the £,

=0 and k, = 0 planes as shown in Figs. 6.3(b-1)-6.3(b-1v). The closed gap along the I'-K direction
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(in k£, = 0 plane) disappears in the &, = 0 plane and the Berry curvature appears at the gapped line.
Huyen et.al. studied the AHE in the antiferromagnetic manganese nitrides and found that despite
having a lower number of Weyl points around the Fermi level the AHC is highest in Mn3PtN due
to large Berry curvature at the Fermi surface originated from the high SOC of Pt element [56]. We
have also analyzed the Fermi surface of CuyCoSn along with the Berry curvature for the present
system. Fig. 6.3(c-1) shows the Fermi contours on the mirror plane at &, = 0 with SOC. Along the
['-X(010) direction, we found three Fermi lines out of them two are degenerate (shown inside rect-
angular bracket), and also two Fermi crossings (NLs) which are shown inside the circle. In the
Fermi contour on &, = 0 plane, the negligible Berry curvature is found to be associated with the
Fermi lines. We plotted the same Fermi contour in &, = 0 plane with SOC as shown in Fig. 6.3(c-ii).
We observed that at one of the crossing points (crossing A) a tiny gap opens and another Fermi
line (crossing B) disappears from the contour due to which a large Berry curvature emerges at the
Fermi surface. Also, a small Berry curvature arises from the lifted degeneracy of the bands along
the I"-X(010) direction as shown inside the rectangle of Fig. 6.3(c-ii). Therefore the gapped NLs at

the Fermi-energy is the main source of Berry curvature in the system.

Since the mirror symmetry is broken in both &, = 0 and &, = 0 planes upon considering SOC and
[001] magnetization, hence the Weyl points can only emerge in these planes. The mirror symmetry
is still preserved in k., = 0 planes, therefore the Weyl point cannot be in the £, = 0 plane. Noteworthy,
these Weyl points do not exist in the system naturally due to SOC but rather derived from the NLs,
because at some k-points the NLs refuse to break out [26, 39]. The Berry curvature due to Weyl
points derived from the gapped NL is typically small as sometimes they lie far away from the Fermi
level and/or due to other Weyl points present in the same plane [26, 39]. The energy and momentum
space location of the Weyl points due to the breaking of NL in possible k-planes are mentioned in

Table 6.1.

To further confirm the obtained points as the Weyl points, we plotted the normalized Berry curvature
enclosing the coordinates of the Weyl points in k,=0 plane [Fig. 6.3(d)]. We found that the Weyl
point of chirality + 1 acts as a source of Berry curvature [outward flux in Fig. 6.3(d)] and the Weyl
point with chirality -1 acts as a sink of Berry curvature [inward flux in Fig. 6.3(d)]. The emerging

Berry curvature due to the gapped NLs at the Fermi level is supposed to create the large AHC in
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Weyl point ky 2m/a)  k, (2m/a)  k.(2m/a) E (eV)

Wiy 0.26 0.00 £0.95 -0.240
Wip 0.00 +0.26 F0.95 0.235
Wic 0.00 0.00 £0.51 0.73

Table 6.1: Representative coordinates of Weyl points in different planes in the momentum space
with their chemical potentials concerning the Fermi energy.
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Figure 6.4: (a) Fermi-level dependent (a) Anomalous Hall conductivity. (b) Anomalous Nernst
conductivity.

the material. For this, we calculated the AHC by the integration of Berry curvature of all occupied
dispersion bands using Eq.6.1 and Eq.6.2. In the underlying space group with the magnetization

along [001] direction, the Berry curvature pseudo-vector follows the relation [57];

Qx<kx7 kya _kz) = _Q:c(kxa kya kz)
Qy ko, by, —k.) = —Q, (ky, by, k) (6.5)

Q. (ks ky, —k) = Q. (ks ky, E2),

which forces 0, = Q, = 0. Therefore, the z-component of AHC ¢! is unrestricted, while 02! and a;
identically vanish. The variation of AHC with Fermi energy is shown in Fig. 6.4 (a). We found the
giant intrinsic AHC (02') about 1003 S/cm at the Fermi energy, which varies to 1120 S/cm just 0.05
eV below the Fermi level. This magnitude of AHC is larger than most of the investigated systems
[25, 58-60, 62, 63] and comparable to the highest AHC reported for CooMnGa Heusler compound
[2, 41].
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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 CuyCoSn 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 CusCoSn 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 Cu,CoSn Heusler compound through experimental studies.
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