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CHAPTER 5. BAND SPLITTING INDUCED BERRY FLUX AND INTRINSIC ANOMALOUS HALL
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In this chapter, the study anomalous Hall effect (AHE) in NiCoMnGa is conducted to understand
how magnetization and topological band structure impact the AHE. NiCoMnGa compound whose
magnetic moment is comparable to the well-known high AHC compound Co,MnGa, however, it
has no relevant mirror symmetry planes in contrast to the full Heusler compound resulting in the
absence of nodal lines. The calculated AHC of NiCoMnGa is approximately ten times lower than
that of Co,MnGa, despite both materials exhibiting nearly close magnetic moments. The lower
AHC in NiCoMnGa in comparison to the Co,MnGa is related to the absence of nodal lines in the

band structure of NiCoMnGQGa.

5.1 Introduction

The anomalous Hall effect (AHE) originates in the ferromagnetic materials due to the interplay
between magnetism and spin-orbit coupling (SOC) [1, 2]. In the initial phase of research on AHE,
Kundt et.al found that the Hall resistivity in the ferromagnetic material is roughly proportional
to the magnetization of the materials [3]. However, the later discovery of the intrinsic origin of
AHE revolutionized the understanding of the AHE [4-6]. The intrinsic mechanism emphasizes
that the Berry curvature associated with the band structure gives the large AHE [7]. The magnetic
moment of the system breaks the time-reversal symmetry and the Berry curvature which acts as
a pseudomagnetic field in the reciprocal space deflects the electron in the transverse direction [8,
9]. In real materials, the Berry curvature is finite when two or more bands approach each other
energetically and hybridize [9]. The symmetry of the crystal brings the spin bands closer and SOC
allows them to hybridize [9]. The SOC has small energy in comparison to the exchange splitting
energy of ferromagnets, however, the small energy of SOC can split the band dispersion near the
Fermi energy and when the Fermi energy lies in the SOC energy gap, a non-zero dissipationless
Hall current arises due to non-vanishing total flux of Berry curvature [10, 11]. Several materials
have been reported to have large intrinsic AHC due to the Berry curvature originating from their
characteristic spin-orbit coupled band structure. For example, the intrinsic AHC in Fe (751 S/cm)
[11] and MnAs (~ 10® S/cm) [10] have been reported due to the Berry curvature arising from a
pair of spin-orbit coupled band near to the Fermi level. Co3SnsyS, [12], Fe3Sn [13] and LiMngSng

[14] show the large intrinsic AHC arising due to the finite Berry curvature associated with the band
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structure. Besides these materials, Heusler alloys [15—17] show the exotic anomalous transport
properties owing to the distinctive band structure due to the combined effect of SOC and broken
time-reversal symmetry [18-21]. For example, CooMnAl [22], CooMnGa [19], Fe,-based Heusler
alloys [23] show the large intrinsic AHE. In this chapter, we have discussed that the Berry curvature
plays a crucial role in determining the AHE in the material and the magnetic moment breaks the

time-reversal symmetry to avoid the cancellation of AHE.

Co,MnGa is a full Heusler compound that crystallizes in the L2, structure with space group Fm3m,
consists of three nodal lines near Fermi energy, derived from the three mirror symmetries present
in the system in the absence of SOC [24]. With the consideration of SOC, these nodal lines gap out
according to the magnetization direction and create the large Berry curvature and intrinsic AHE in
the system [21, 24]. In this work, we studied the AHE in NiCoMnGa quaternary Heusler compound,
which can be obtained by replacing the one Co atom with its neighboring Ni atom in CooMnGa full
Heusler compound keeping the magnetic moments nearly close for both the compounds. Experi-
mentally, we found the value of AHC around 256 S/cm at 10K with an intrinsic contribution of ~
121 S/em. The theoretical calculations give the intrinsic AHC ~ 100 S/cm, which is in good agree-
ment with the experiment. The reduction of the mirror symmetries in the NiCoMnGa in comparison
to the CooMnGa leads to the absence of a nodal line, nevertheless, the band splitting in the presence

of SOC at Fermi energy leads to the finite Berry curvature and intrinsic AHC in the system.

5.2 Methods

Polycrystalline NiCoMnGa Heusler compound was synthesized by arc melting method in the envi-
ronment of high pure argon atmosphere by taking 99.99 % pure constituent elements in the water-
cooled copper hearth. A Ti piece was used as an oxygen getter to reduce further contamination.
The sample was flipped several times and re-melted for homogeneous mixing. For the structural
analysis x-ray diffraction (XRD) pattern of the powder sample was recorded at room temperature
using a Rigaku-made x-ray diffractometer with Cu-K, radiation. The magnetization measurements
were performed using a vibrating sample magnetometer (VSM) attached to the Physical Properties
Measurement System (PPMS) from Quantum Design. The resistivity and Hall measurement were

carried out on a rectangular piece of the sample of dimension 4.34 x 2.45x 0.66 mm?® employing
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four-probe method using Cryogen Free Measurement System (CFMS). The electronic band struc-
ture and magnetic properties of the NiCoMnGa were calculated by employing density functional
theory (DFT) using the Vienna ab initio simulation package (VASP) [25]. The generalized gradi-
ent approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) type was used for the exchange-
correlation functional [26]. The kinetic energy cutoff of 520 eV was taken for the plane-wave
basis. A 15 x 15 x 15 k-point mesh was used for the Brillouin zone (BZ) sampling and the Gaus-
sian smearing method with a width of 0.1 eV was adopted for the Fermi surface broadening. The
cell parameter was relaxed until the forces on all atoms were smaller than 0.01 eV/A. The SOC was
taken into account in all the calculations. To explore the non-trivial band topology and the intrinsic
AHC, the tight binding Hamiltonian was constructed with the maximally localized Wannier func-
tions using the Wannier90 code [27, 28]. Based on the tight-binding Hamiltonian, the AHC and the

Berry curvature were evaluated via the Kubo-formula approach [29].

5.3 Result and discussion

5.3.1 Structure and magnetization

The XRD pattern of NiCoMnGa was recorded at room temperature for structural analysis. The
observed XRD pattern (red curve in Fig.5.1(a)) fairly shows the cubic structure of the sample.
The quaternary Heusler alloys generally crystallize in the LiMgPdSn type structure (space group
F43m)[30]. The Rietveld refinement of the room temperature XRD pattern of NiCoMnGa was
carried out using FULLPROF software package [31] in the space group of F43m (space group
n0.216) and the special Wyckoff’s positions; 4d (0.75,0.75,0.75), 4c (0.25, 0.25,0.25,0.25), 4b (0.5,
0.5,0.5),and 4a (0, 0, 0) were considered for Nickel (Ni), Cobalt(Co), Manganese (Mn) and Gallium
(Ga) atoms, respectively. The calculated XRD pattern (black curve) depicted in Fig. 5.1(a), shows
that all the Bragg peaks are well-indexed, which confirms the single-phase (cubic) of the sample.
The refined lattice parameter was found 5.79 A, which matches well with the value reported in
the literature [32]. The presence of the (111) and (200) superlattice reflections generally mark the

ordered structure of Heusler compounds [18]. For NiCoMnGa the structure factors for (111), (200),

132 Gaurav Kumar Shukla



CHAPTER 5. BAND SPLITTING INDUCED BERRY FLUX AND INTRINSIC ANOMALOUS HALL
CONDUCTIVITY IN NICOMNGA QUATERNARY HEUSLER COMPOUND

(a) Yo (220 (111)
Ve WWM
Yobs-Ycal Iluﬂagu =001
Bragg peaks T
position

[/ =0.01

111 220

L /I =0.0001

200 7220

Intensity (arb.units)
S

(111)
(200)

40 50 60 70 80 90
20 deg)

20

)
<

Figure 5.1: Rietveld refinement of the room temperature powder x-ray diffraction (XRD) data of
NiCoMnGa system. The inset shows an enlarged view of XRD pattern around (111) superlattice
reflection. (b) Simulated XRD pattern of NiCoMnGa system.

and (220) reflections can be written as [33]

Fiiy = 4[(faa — fam) — i(fni — feo)] (5.1)
Fyoo = 4[(faa + frun) — (fni + feo)] (5.2)
Fooo = 4[(faa + fun) + (fni + feo)] (5:3)

The negligible intensity of the (111) superlattice reflection survives only due to the difference of the
atomic scattering factors (SFs) of Ga and Mn atoms as the difference between atomic SFs of Ni and
Co atoms is negligible (both are the consecutive elements in the periodic table) [18, 33]. The van-
ishing intensity of the (200) reflection can be understood from Eq.5.2. The intensity of fundamental
reflection is due to the sum of all atomic SFs of constituent elements (Eq.5.3). We simulated the
XRD pattern of NiCoMnGa using POWDERCELL software [34] depicted in Fig. 5.1(b). The in-

tensity ratio of superlattice reflection (111) to the fundamental reflection (220) (i.e. g—;}) was found

Gaurav Kumar Shukla 133



CHAPTER 5. BAND SPLITTING INDUCED BERRY FLUX AND INTRINSIC ANOMALOUS HALL
CONDUCTIVITY IN NICOMNGA QUATERNARY HEUSLER COMPOUND

about 0.01 and 0.012 from the simulated and observed XRD patterns, which suggests the formation
of the ordered structure of NiCoMnGa Heusler compound. Inset of Fig. 5.1(a) shows the enlarged
view of the XRD pattern around (111) superlattice reflection. Since the ordered structure of this
compound has not been clarified, there is a possibility of Co-Ni disorder as XRD has limitations
in detecting disorder within the material containing the elements of similar atomic SFs. Figure 5.2
shows the magnetic isotherms at the temperatures 10 K and 300 K. The magnetic moment was found
4.7 pp/fuat 10 K. The magnitude of the observed magnetic moment is close to the value reported

in literature[32].
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Figure 5.2: Field-dependent magnetic isotherms at 10 K and 300 K.

5.3.2 Transport measurements

Figure 5.3(a) shows the measured temperature dependence of longitudinal resistivity (p.,). The tem-
perature variation of p,, indicates the metallic conduction with o, about 1.88x10* S/cm at 300 K.
The residual resistance ratio (RRR= px, (300 K')/pxx (10K)), which quantifies the degree of disorder,
is found around 2, which suggests a clean sample of NiCoMnGa [18]. Now, afterward investigat-
ing the phase purity, magnetization, and resistivity of the sample, we will discuss the outcomes of
Hall measurement. Inset of Fig. 5.3(a) shows the schematic diagram of the sample device used for

longitudinal voltage (V) and Hall voltage (V) measurements. In general the Hall resistivity (p,,)
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in magnetic materials is sum of two parts [1, 18];
pu = p) + pir = RoH + R,M (5.4)

pg and p;l“ are the ordinary and anomalous Hall resistivity, respectively. Ry, Rs, H, and M are the
ordinary Hall coefficient, anomalous Hall coefficients, applied external magnetic field, and sponta-
neous magnetization of material, respectively. Ry which depends on the type of charge carriers and
their density is the inverse of the product of carrier concentration (n) and electronic charge (e) [35].
The Hall resistivity in ferromagnetic materials is dominated by AHE at the lower field and the role
of the ordinary Hall effect usually appears in the higher field region [18]. With the linear fitting of
the high field p, curve, slope and intercept on the y-axis give R, and pl‘f, respectively. ,0;‘ is similar
to Hall response due to the magnetization of a material in the absence of an external magnetic field.
Hall measurement outcomes are summarized in Fig. 5.3 (b)-(f) and Fig. 5.4 (a)-(b). Figure 5.3(b)
shows the field dependent p,, isotherms up to field of 4 T. The p, curves show a sharp jump at the
low field and change linearly in the high field regime signifies an AHE in the present material. Fig-
ure 5.3(c) displays the variation of extracted pf with temperature. ,0;‘ increases non-linearly with
temperature and achieves the maximum value of about 0.56 u£)2-cm at room temperature. We also
measured the field-dependent p,, at fixed temperatures. The p,, does not change significantly with
the magnetic field at a particular temperature as shown in the inset of Fig. 5.3(c) for (i) 10K, (ii)
200 K, and (ii1) 300 K. The charge carrier density (n) was calculated using relation Rfé [35] and
temperature variation of n is depicted in Fig. 5.3(d). The magnitude of # is a little scattered with
temperature and estimated about 2.5 x 102! cm~3 at 300 K. To examine the origin of AHE, we have
plotted the pﬁ versus p,, on a double logarithmic scale as shown in Fig. 5.3(e). A linear fitting was
done to determine the exponent o according to the formula ,0;‘ o p& [35,36]. If a = 1, the origin of
AHE is due to skew scattering, and if o = 2, the origin of AHE is assigned to the intrinsic and side
jump mechanisms [2, 18, 36]. In this way, we found the exponent o = 1.50, which primarily speci-
fies that the extrinsic and intrinsic mechanisms are involved in the AHE. To disentangle the intrinsic

and extrinsic contributions linked with AHE, we have used the following equation, which accounts
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Figure 5.3: (a) Temperature-dependent longitudinal resistivity p,,. The inset shows a schematic
drawing of a sample device used for Hall voltage V; and longitudinal voltage V,,, measurements. (b)
Field-dependent Hall resistivity p, at different temperatures. (c) Temperature variation of anoma-
lous Hall resistivity pg‘. Inset shows the field-dependent p,, at (1) 10K, (i1) 200 K, and (111) 300 K.
(d) Temperature-dependent carrier concentration z. (¢) Double logarithmic plot between pﬁ and p,,
(black balls) and the linear fitting is shown by a red line. (f) pg‘ and p,, plot (black balls) and fitted
curve using Eq.5.5 is shown in red color .

for the phonon contribution in the skew scattering as suggested for alloys system [18, 35, 37, 38]
P =ap.+o"pl. (5.5)

Here a is the parameter related to the skew scattering and the notation o is used for intrinsic
AHC. Here we have assumed the ratio of SOC energy (eso) to the Fermi energy (Er) i.e. eso/Er
is in order of 1073 to 1072, which leads the suppression of side jump contribution in comparison to
intrinsic AHC as observed for other metallic ferromagnets [18, 36]. Fig. 5.3(f) shows the pﬁ Versus
P. plot (black balls) and the fitting was employed using Eq.5.5 as shown by a red curve. From
fitting, the parameter a and o comes out to be 0.0034 and 121 S/cm, respectively. The change
in a;‘ with temperature and/or longitudinal conductivity (o,,) also holds the information about the
involved mechanism in the AHE. Hall conductivity (o,,) was calculated using equation [18, 24, 39]

Pu

Op = m (5.6)
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Figure 5.4: (a) Field-dependent Hall conductivity o, at different temperatures. (b) Temperature
variation of anomalous Hall conductivity (AHC). Inset shows the variation of AHC with longitudi-
nal conductivity o...

Figure 5.4 (a) shows the field-dependent Hall conductivity curves at different temperatures. The
value of AHC at a particular temperature is calculated by zero-field extrapolation of the high-field
Hall conductivity data with the y-axis. We found the AHC around 256 S/cm at 10 K. This value is
nearly twice of the magnitude of the intrinsic AHC, which shows the presence of equal contribution
of intrinsic and extrinsic AHC at 10 K. The AHC decreases with increasing the temperature and
reduces to 194 S/cm at 300 K as shown in Fig. 5.4(b). The variation of AHC with o, is shown in
the inset of Fig. 5.4(b). The decreasing (increasing) value of AHC with temperature ( 0,,) is due
to the skew scattering contribution in AHC rather than the temperature variation of spontaneous
magnetization of sample as the temperature has a little effect on the magnetization of the present
system (Fig. 5.2). It is worthwhile to mention here that intrinsic AHE is expected to dominate in the
overall behavior of AHE, when the longitudinal conductivity of the sample lies in the good metallic
regime i.e. o, is an order of 104-10° S/cm [1, 18, 36, 39, 40]. Our system shows the deviation from
this criterion as the extrinsic AHE has a significant contribution in the AHE despite the o, is an

order of 10* S/cm. The AHC due to skew scattering can be given as [41]

2¢% Ept
skew F

pu— S = - 5 '7
e Y (5.7)
where h, a, Er, 7 and S are the Planck constant, lattice parameter, Fermi energy, mean free path of

electron, and skewness factor, respectively. The skewness factoris S ~ esovimp/WZ, where W is the

bandwidth and v;,,,;, is impurity potential [41]. In the superclean limit where the é << €50, the skew
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scattering dominates, however in the case of 2 <eso, the skew scattering contribution decreases.
From Eq.5.7, it is clear that the skew scattering contribution rapidly decays with increasing the é
Henceforth, the value of AHC due to skew scattering depends on both the strength of SOC energy
and the o,,. Our experiment also suggests that the lineup of the origin of AHE based solely on the
longitudinal conductivity is a rough estimation and need not be strictly valid. Since the intrinsic
AHE depends on the Berry curvature of the system, which may have different origins such as the
presence of a gapped nodal line, Weyl point, or interband mixing along a certain high symmetry
path. Therefore, to understand the origin of Berry curvature in the present system, we performed

the first principles calculation.

5.3.3 First principles calculation

The relaxed lattice parameter of NiCoMnGa was found 5.782 A, which is consistent with the ex-
periment. Our first-principles calculation for a magnetic moment suggests that Co and Mn have
a large magnetic moment with pc,=1.188 pp/f.u and p,,,=3.246 pp/fu respectively, whereas Ga
has a small vanishing magnetic moment and Ni have a moment z5,=0.563 pp/f.u. The total mag-
netic moment per formula unit is 4.993 1 g, aligned along the (001) direction, which is consistent
with the Slater Pauling rule for Heusler alloys [42]. To calculate the Berry curvature and the intrin-
sic AHE in the present system, the tight-binding Hamiltonian was constructed with the maximally
localized Wannier functions [27, 28]. Based on the tight-binding Hamiltonian, the AHC and the
Berry curvature were evaluated using the Kubo formula [29]. The intrinsic AHE can be analyzed
by exploring the electronic band structure of the NiCoMnGa. Two major features in electronic band
structure make this system important; first, a twofold degenerate band forms a triple point crossing
with a non-degenerate band along high symmetry direction I'-L in the absence of SOC as shown in
Fig. 5.5(a) by a black dotted circle. This doubly degenerate band splits in the presence of SOC and
also lifts the triple-point degeneracy. This degeneracy may arise due to a symmetry of Cs, along
I'-L high symmetry direction, whose elements are threefold rotation (Cs) and a o, mirror plane [43].
The second feature is a pair of degenerate minority spin bands at I' point in the absence of SOC,
however, in the presence of SOC these bands split into an occupied and an unoccupied band sepa-

rated by a small energy gap in a small & interval near I" point as shown in Fig. 5.5(b). In Fig. 5.5(d),
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Figure 5.5: (a) The band structure of NiCoMnGa in the absence of SOC, where the red and blue col-
ors represent the spin-up and spin-down bands, respectively. (b) The band structure of NiCoMnGa
in the presence of SOC. The inset shows the splitting of the bands near the Fermi energy Er. (c)
Berry curvature distribution in k,-k, plane at k, = 0. (d) Berry curvature along the high-symmetry
path.

we calculated the Berry curvature €27 in the presence of SOC along the same symmetry direction
and (27 has a large value near the I" point. This large value of Berry curvature can be explained in
terms of the splitting of the degenerate band, which opens a small energy gap and creates intrinsic
AHC in the system. Owing to the nearly degenerate conduction and valance band at I point, the
Berry curvature is large at this point; therefore an intrinsic AHE is expected in the present com-
pound. In Fig. 5.5(c), the color plot of Berry curvature is shown in k, =0 plane of the first Brillouin
zone, which shows the positive and negative distribution of Berry curvature in the plane. Following
the symmetry of the NiCoMnGa compound, if the magnetization is taken along the z-axis, {27, is
the only survival component of the Berry curvature. We found the intrinsic AHC due to finite €27,
about 100 S/cm at the Fermi level, which is consistent with the experiment (121 S/cm). We also

showed the dependency of AHC as a function of the shift in Fermi energy in Fig. 5.6, which gives
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Figure 5.6: Fermi energy scan of the anomalous Hall conductivity.

an idea about the contribution of various valance bands by shifting the Fermi energy. The large
peak below the Fermi level (-0.38 e¢V) is due to the large Berry curvature at the triple point, which
is contributing as an occupied valence band to AHC. We observed the decreasing trend of AHC
from -0.38 eV and it again increases at Fermi energy due to a large positive Berry curvature shown

by the blue color in Fig. 5.5(¢).

5.4 Conclusion

We have experimentally measured the AHC in the NiCoMnGa quaternary Heusler compound and
theoretically calculated the intrinsic part of the AHC due to the Berry curvature of the dispersion
bands. The extrinsic and intrinsic mechanisms contribute equally to the AHC of the present sys-
tem. We found a good agreement between the experimentally extracted intrinsic AHC and the
theoretically calculated AHC. The reduction of the number of mirror symmetries in NiCoMnGa in
comparison to CooMnGa leads to the absence of nodal lines; nevertheless, the band splitting in the
presence of SOC at the Fermi energy leads to the finite Berry curvature and intrinsic AHC in the
system. The presence of a significant contribution of the extrinsic mechanism in the AHE, despite
the longitudinal conductivity being of the order of 10 S/cm, suggests that the relation of the origin

of the AHE solely with the longitudinal conductivity may not be strictly valid.
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