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Magnetic topological semimetals have interesting anomalous behavior and can be manipulated by tuning
the symmetry-protected nodal crossings. Co,-based full Heusler compounds serve as a fertile playground where
various novel topological properties can be investigated. In this paper, we present a systematic investigation of the
anomalous Hall effect (AHE) in the ferromagnetic Heusler compound Co,CrGa using combined experimental
and theoretical studies. The anomalous Hall resistivity p;‘x is observed to scale nearly quadratically with the
longitudinal resistivity p,., and further experimental analysis suggests that the AHE in Co,CrGa should be
dominated by the intrinsic Karplus-Luttinger Berry phase mechanism. Experimental results also reveal that
the anomalous Hall conductivity (AHC) is as large as ~569 S/cm at 10 K with an intrinsic contribution of
~526 S/cm and the observed AHC is nearly temperature independent. In addition to the large AHC, we also
found an exceptionally large anomalous Hall angle of ~8.5% and a large anomalous Hall factor of ~0.23 V~!
simultaneously at room temperature. First-principles calculations suggest that the Berry curvature originates
from a gapped nodal line and that Weyl nodes which are generated from the triple point near the Fermi level Ep

in the presence of spin-orbit coupling are responsible for the observed large AHC in this compound.

DOI: 10.1103/PhysRevB.107.125138

I. INTRODUCTION

Three-dimensional topological semimetals (TSMs), new
gapless quantum states, have attracted special attention and
invited intense research activity in condensed matter physics
in recent years because they exhibit fundamentally new physi-
cal phenomena with potential applications [1-4]. These TSMs
have interesting band dispersion with linear crossing, and
depending on the degeneracy of the band crossing points and
their distribution in the Brillouin zone (BZ), TSMs are classi-
fied into three categories. The first one is zero-dimensional
(OD) nodal points which include Weyl points [1,5], Dirac
points [6,7], triple points [8], and other higher-degeneracy
nodal points [9]. The second one is one-dimensional (1D)
nodal-line systems, which include nodal rings [10], nodal
chains [11], and nodal nets [11]. The third one is two-
dimensional (2D) nodal surfaces [12].

The 0D nodal point systems have been extensively stud-
ied during the past decade [6,13,14] due to their nontrivial
topological properties and exotic transport phenomena, but
investigations of the 1D nodal-line systems have developed
mainly in the last few years [15,16]. More recently, the
above classification of fermions was expanded to accommo-
date triply degenerate nodal points. This threefold degeneracy

“schatterjee @bose.res.in
Tnitesh.kumar @bose.res.in
fmanoranjan.kumar @bose.res.in
$kalyan @bose.res.in

2469-9950/2023/107(12)/125138(9)

125138-1

gives rise to what is known as triple point (TP) fermions
[17] and has been confirmed experimentally [18]. However,
in Co,-based full Heusler compounds, the existence of TP
fermions and their consequences for transport properties have
yet to be understood.

Among various magnetic TSMs, Co,-based Heusler com-
pounds have attracted particular interest due to their high
Curie temperature and tunable magnetic and electric prop-
erties [19,20]. Thus, these materials can be of great use for
spin manipulation and spintronics devices. Recently, a few
Co,-based full Heusler compounds were also predicted to
host Weyl fermions in their band structure [21]. The Berry
curvature (BC) associated with this topologically nontrivial
state leads to various exotic transport phenomena such as the
anomalous Hall effect (AHE), the anomalous Nernst effect,
and chiral anomalies [22-30]. The AHE in these compounds
originates either from an intrinsic mechanism [31] which
can be explained by the Berry phase effect of the occupied
electronic Bloch states [32,33] or from extrinsic mechanisms
which can be understood to be a result of asymmetric scatter-
ing of the conduction electrons in the presence of spin-orbit
coupling (SOC) or impurities [34-36]. The AHEs in a few
Co,-based full Heusler compounds have been studied both
theoretically and experimentally [22-27], but these materials
have very different electronic band structures, resulting in
large variations in the magnitude of the AHE. For exam-
ple, Co,MnAl displays a large anomalous Hall conductivity
(AHC) of around 1300 S/cm at room temperature due to a
gapped nodal ring [26]. Co,MnGa also shows a giant AHC of
~1600 S/cm at 2 K due to a large BC in momentum space,
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whereas Co, VGa exhibits an AHC of around 137 S/cm at2 K
due to a slightly gapped nodal line [23].

In this paper, we report a detailed investigation of the AHE
on the full Heusler compound Co,CrGa using both experi-
mental and theoretical analysis. Experimentally, we found a
large AHC ~569 S/cm at 10 K with an intrinsic contribution
of 526 S/cm with weak temperature dependence. We also
found an exceptionally large anomalous Hall angle (AHA) of
~8.5% and a large anomalous Hall factor (AHF) of ~0.23
V~! simultaneously at room temperature. We also carried
out density functional theory calculations based on a first-
principles study and observed a topologically protected TP
fermion in the absence of SOC in the BZ. We investigated
the generation of Weyl nodes from this triple point in the
presence of SOC. We also note that the presence of a few
symmetry-protected Weyl nodes, and the effect of these Weyl
nodes on anomalous transport properties is also discussed.

This paper is organized as follows: first, we discuss the
experimental and theoretical methods in Sec. II. The exper-
imental findings and analysis with the simulated result on a
gapped nodal line, BC, Wannier charge center (WCC), and
anomalous transport are presented in Sec. III. Finally, we
conclude with a brief summary in Sec. IV.

II. METHODS

The polycrystalline Co,CrGa compound was synthesized
using a conventional arc-melting furnace in a high-purity ar-
gon atmosphere using ~99.99% pure individual elements. To
achieve good chemical homogeneity, the sample was remelted
six to seven times. The obtained ingot was then sealed in an
evacuated quartz tube and annealed at 1173 K for 5 days and
then quenched in cold water. The structure and phase purity of
Co,CrGa were characterized by the x-ray diffraction (XRD)
technique (Rigaku SmartLab) with a Cu K« source. The de-
tails of the structural characterization are discussed in Sec. S1
of the Supplemental Material [37]. Figure S1 shows the XRD
pattern of the sample along with its Rietveld refinement, and
the obtained lattice parameter is close to that in earlier works
[38,39]. The magnetization measurements of the sample were
carried out using a vibrating sample magnetometer in a phys-
ical property measurement system (PPMS; Quantum Design,
San Diego, California). The magnetization data as a function
of applied field up to 5 T and temperature down to 10 K were
recorded. The sample used for the magnetic measurements has
the approximate dimensions 0.4 x 0.6 x 4.0 mm?>. For each
M(H) isotherm, we stabilized the temperature for at least
30 min to achieve good thermal equilibrium. The transport
measurements were carried out using a 9-T Dynacool PPMS
(Quantum Design, San Diego, California) using the electrical
transport option. For both the longitudinal and Hall resistiv-
ity measurements, the electrical contacts were made with a
standard four-probe method using conducting silver epoxy
and copper wires. For the measurement of Hall resistivity
Pyx, to effectively eliminate the longitudinal resistivity o,
contribution due to the voltage probe misalignment, the final
Hall resistivity was obtained from the difference in transverse
resistance measured at the positive and negative fields.

We also investigated the electronic band structures and
transport properties of Co,CrGa using the first-principles
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FIG. 1. (a) Magnetic-field-dependent dc magnetization (M vs H)
at 10 K. The left inset represents the temperature dependence of dc
magnetization (M vs T) measured at 500 Oe, and the right inset
shows the derivative magnetization dM/dT vs T. (b) Temperature
dependence of the longitudinal resistivity p,,. The solid red and yel-
low lines represent the fittings in two different temperature regions.
The inset shows the schematic diagram of the sample device used for
longitudinal voltage V., and Hall voltage V,, measurements.

electronic structure calculations. The projected augmented
wave method was implemented to represent the ion-electron
interactions. The Vienna Ab initio Simulation Package (VASP)
[40] was employed to perform the calculations. The general-
ized gradient approximation [41] of Perdew-Burke-Ernzerhof
[42] type was used for the electronic exchange-correlation
functional. A kinetic energy cutoff of 600 eV was utilized for
the plane-wave basis. A I'-centered 12 x 12 x 12 Monkhorst-
pack k-point mesh was used for the BZ sampling, and the
electronic integral over BZ was estimated by the Gaussian
smearing method with a width of 0.05 eV. Cell parameters and
internal atomic positions were fully relaxed until the forces
on all atoms were smaller than 0.01 eV/A. The calculation
was done both with and without SOC. The AHC, energy gap,
BC, and WCC were calculated using WANNIERIO [43,44] and
WANNIERTOOLS [45] starting from the plane wave basis state.
The AHC calculations were carried out with a dense k grid of
501 x 501 x 501 using the limit of the tight-binding model.

III. RESULTS AND DISCUSSION
A. Magnetization and resistivity

Since the topology and magnetism are interconnected, we
carried out the magnetization measurements of the sample to
evaluate its magnetic nature. The magnetic field dependence
of dc magnetization up to a field of 5 T at 10 K is shown in
Fig. 1(a). Co,-based full Heusler compounds generally follow
the Slater-Pauling (SP) rule of magnetization [46] as given by
M, = (Z; — 24)up/fu., where M; is the total magnetic mo-
ment and Z; is the total number of valance electrons in the unit
cell of the compound. For Co,CrGa, the value of Z, is 27. So,
according to the SP rule, the total magnetic moment should be
3up/f.u. From Fig. 1(a), the value of saturation magnetization
M, at 10 K is estimated to be around 3.01ug/f.u., which
is consistent with the SP rule. The temperature-dependent
dc magnetization under an applied field of 500 Oe is also
demonstrated in the left inset of Fig. 1(a). It exhibits a contin-
uous paramagnetic to ferromagnetic phase transition at T¢ ~
500 K, estimated from the dM/dT curve, as shown in the
right inset of Fig. 1(a). The observed magnetic behavior is
quite similar to that in earlier works [38,39]. The tempera-
ture variation of the longitudinal resistivity p,, from 10 to
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FIG. 2. (a) Magnetic-field-dependent Hall resistivity p,, at various temperatures. The inset shows the magnetic field dependence of dc
magnetization at different temperatures. (b) Temperature-dependent normal Hall coefficient R,. The inset shows the calculated temperature-
dependent carrier concentration n. (c) Plot of log p;‘x(T) vs log 0, (T); the solid red line is the fit using the relation p;‘x x ,ofx. (d) Field-
dependent Hall conductivity o,, at various indicated temperatures. () Anomalous Hall resistivity ,0;‘; and anomalous Hall conductivity ofv as
a function of temperature. (f) Plot of p;‘x VS px. The fitted curve is shown in red.

300 K is presented in Fig. 1(b). The schematic diagram of
the sample device used for longitudinal voltage V,, and Hall
voltage V,, measurements is shown in the inset of Fig. 1(b).
The residual resistivity value at 10 K is ~113 u2 cm, which
yields a residual resistivity ratio [=,,,(300 K)/ (10 K)] ~
1.34, which is close to the previously reported value for other
Co,-based full Heusler compounds [25,47]. In general, for a
half-metallic ferromagnetic compound the electron-magnon
contribution is absent at low temperatures. Therefore, the
main contribution to p,, appears due to (i) electron-electron
(T? dependence), (ii) electron-phonon (7" dependence), and
(iii) double-magnon (7°/? dependence at lower temperatures
and 77/ dependence at a higher temperature) scattering [48].
So we have fitted the p,, data in two different temperature re-
gions, i.e., between 10 and 125 K and between 125 and 300 K,
to understand the different scattering mechanisms of p,, in
Fig. 1(b). In the temperature range of 10 to 125 K, p,, fits very
well with the relation, py(T) = po + AT/? + BT? + CT*/?
[shown by the solid red line in Fig. 1(b)], while in the high-
temperature range, i.e., 125 to 300 K, the best fit is given by
pex(T) = po + DT + ET7/? [shown by the solid yellow line
in Fig. 1(b)]. Here pq is the residual resistivity, A is the tem-
perature coefficient for the disorder present in the system, B is
the temperature coefficient for electron-electron scattering, D
is the temperature coefficient for electron-phonon scattering,
and C and E are the temperature coefficients for two-magnon
scattering. Hence, the temperature-dependent p,, data clearly
indicate the presence of various scattering mechanisms in the
present compound.

B. Anomalous Hall effect

After investigating the structural and magnetic properties
of the sample, we carried out a detailed magnetotransport
measurement in a wide range of temperatures from 10 to

300 K in order to study the AHE in Co,CrGa. Figure 2(a)
represents the field dependence of Hall resistivity py, up to a
field of 9 T at different specified temperatures. At a low field
of ~0.7 T, py,(H) increases sharply with an increase in the
field, and in the high-field region above ~1 T, p,(H) shows
a weak linear field dependence up to 9 T. The field-dependent
dc magnetization is shown in the inset of Fig. 2(a) at various
temperatures. The similarity in the shapes of the py,(H) and
M(H) curves in the low-field region confirms the presence
of the AHE in this compound. In addition to the ordinary
Hall effect, the Hall resistivity oy, in a ferromagnetic material
receives a contribution from the spontaneous magnetization
M and is expressed as [49]

Pyx = Py + Pl = RoH + RyptoM, )

where p;.)x and ,ofx are the ordinary and anomalous contri-
butions to the total Hall resistivity, with Ry and R; being
the ordinary and anomalous Hall coefficients, respectively.
The values of p?, and Ry can be obtained from the linear fit
of the py, vs H curve in the high-field region. The y-axis
intercept and the slope of the linear fit correspond to ,ofx
and Ry, respectively. The anomalous Hall coefficient R, can
be obtained by using the relation p;‘x = RyuoM; (details are
given in Sec. S2 of the Supplemental Material [37]). Fig-
ures S2(a) and S2(b) show the temperature variation of p;f’x and
R;. The temperature-dependent carrier density »n and carrier
type can also be determined by using the formulas Ry = 1/ne.
Figure 2(b) displays the temperature variation of Ry from 10
to 300 K. The positive values of R, indicate that the holes are
the majority charge carriers in the whole temperature range.
Using the values of Ry, the carrier density n is evaluated
as shown in the inset of Fig. 2(b). It is almost temperature
independent, and the estimated carrier density at 10 K is
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~1.37 x 10?° cm™3. The corresponding carrier mobility 1,
at 10 K is determined to be ~340 cm?> V~! S71,

In order to find the mechanism responsible for the ob-
served AHE in Co,CrGa, we investigate the scaling behavior
between p2 and p,, in the whole temperature range on a
double-logarithm scale. A linear fitting is applied to deter-
mine the exponent 8 according to the scaling relation p;‘x x

pfx [49], as shown in Fig. 2(c). It is well known that if
B = 1, the origin of the AHE is attributed to the skew
scattering, and if 8§ = 2, the origin of the AHE is due to
the intrinsic or side-jump mechanisms [25,27,49]. We found
the exponent B = 1.94, which signifies that the AHE in
Co,CrGa is dominated by intrinsic Karplus-Luttinger (KL)
or extrinsic side-jump mechanisms. The extrinsic side-jump
contribution of the AHC has been shown to be on the order of
e?/(ha)(eso/Er), where €go is the spin-orbit interaction and
EFr is the Fermi energy [50,51]. The terms e, h, and a are the
electronic charge, Planck’s constant, and the lattice parameter,
respectively. For most ferromagnetic metals, the term €so/Er
is usually on the order of 1072 [25,52]. Thus, the extrinsic
side-jump contribution in the AHC should be very small or
negligible in comparison to the intrinsic AHC. Hence, the
AHE in Co,CrGa is dominated by the intrinsic Berry phase
driven KL mechanism.

To understand the microscopic origin of the observed AHE
in this compound, we need to look into the variation of the
AHC with ,ofx and temperature. Therefore, we determine the
Hall conductivity oy, using the tensor conversion relation
[23,53]

Py
(P2 + P2

Figure 2(d) depicts the field-dependent Hall conductivity
at different temperatures. The field-dependent p,, data are
given in Sec. S3 of the Supplemental Material [37]. Figure S3
shows p,, as a function of magnetic field at different temper-
atures. p,, does not change significantly with magnetic field
at a particular temperature. We have extracted the AHC by
zero-field extrapolation of high-field Hall conductivity data
on the y axis. The value of AHC is found to be ~569 S/cm
at 10 K and does not show any significant change up to
room temperature (561 S/cm). The temperature dependence
of the AHC is given in Sec. S4 of the Supplemental Material
[37]. Figure S4 exhibits the temperature-dependent AHC for
Co,CrGa. Generally, the AHC changes significantly close to
Tc, but far below T¢, it does not change much, which has been
observed previously in many Heusler compounds [25,54]. The
temperature-dependent AHC and p)"ﬁx are plotted in Fig. 2(e),
and the variation of AHC is nearly temperature independent,
clearly indicating that the origin of AHE in Co,CrGa is intrin-
sic in nature [55,56]. To distinguish the intrinsic and extrinsic
parts of the AHC, we plot p, with p,, in Fig. 2(f) and fit it
with the equation [27,57,58].

@

ny =

p;lx = aSkewpxx + bim/))%)p (3)

where a**®¥ and b™ are the skew-scattering coefficient and
intrinsic AHC, respectively. We found a**¥ ~ 0.005 and in-
trinsic AHC b™ ~ 526 S /cm. Thus, more than ~92% of the
total AHC arises due to the intrinsic Berry phase driven mech-

anism. Theoretically, in the resonance condition, the intrinsic
AHC is of the order of ez/ (ha), where e is the electronic
charge, & is Planck’s constant, and a is the lattice constant
[51,59]. Taking a = 5.796 A for the studied compound, we es-
timate the intrinsic AHC to be around 669 S /cm for Co,CrGa,
which is close to our experimentally observed value of
526 S/cm.

Finally, we compare the AHE of Co,CrGa with those of
other ferromagnetic systems. Here we consider two charac-
teristic parameters, namely, the anomalous Hall angle ®ay
and the anomalous Hall factor Sy;. ®y can be determined by
using the relation @y = crfy /0, Which measures the relative
contribution of the anomalous Hall current with respect to
the normal current [49]. Similarly, Sy can also be determined

A

by using the relation Sy = 1% = ZZ’ which estimates the
relative magnitude of the anomalous Hall current with re-
spect to the magnetization [60]. Thus, these two quantities
determine the relative strength of the AHE in a compound,
which is important for practical applications [61]. Figure 3(a)
displays the variation of ®p as a function of temperature,
and the inset of Fig. 3(a) shows the temperature variation of
Sy . The parameter Sy displays a very weak temperature de-
pendence and a similar kind of temperature dependence in Sy
was also observed previously in other metallic ferromagnets
where the AHE is dominated by the intrinsic Berry phase
mechanism [25,54,61,62]. The maximum values of ®ag ~
8.5% and Sy ~ 0.23 V™! are obtained at room temperature,
which are some of the largest among metallic ferromagnets.
It is very rare to find a metallic ferromagnetic system that has
both high ®sy and Sy simultaneously at room temperature.
Even the recently discovered Mn-based antiferromagnets, or
half-Heusler antiferromagnets, have either a large ® g with a
small Sy or vice versa [63,64]. In Fig. 3(b), we also compare
the ®ay and Sy values with values for various previously
reported ferromagnetic compounds [25,52,55,60-62,65-69].
Since the intrinsic AHE depends on the band structure of a
material to get a better understanding of the origin of the
observed large intrinsic AHE, we carried out a first-principles
calculation for Co,CrGa.

C. First-principles calculations

Magnetic moments of Co,CrGa are calculated using the
first-principles method, and the obtained total magnetic mo-
ment is in good agreement with the experimental value; the
details of these results are discussed in Sec. S5 of the Sup-
plemental Material [37]. Figure S5 depicts the total density
of states of Co,CrGa. To understand the topological aspects
of the compound the band dispersions are calculated using
a plane wave based pseudopotential [70] in the absence and
presence of SOC. Figure 4(b) illustrates several band cross-
ings which form nodal lines in the absence of SOC. There are
also different kinds of topological nontrivial crossings in the
presence of SOC, shown by blue, green, and magenta circles
in Fig. 4(c), and corresponding to these nontrivial crossings,
large BC is observed.

In order to further define the class of these nontrivial cross-
ing points the crystal symmetries are considered. The space
group of Co,CrGa is Fm3m (space group number 225), and
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FIG. 3. (a) Temperature-dependent anomalous Hall angle (® g = J)ﬁ; /o). The inset shows the temperature dependence of the anomalous
Hall factor Sy. (b) ®ay and Sy for Co,CrGa are plotted as a function of temperature along with other reported metallic ferromagnets.

the corresponding BZ with a marked high-symmetry point is
shown in Fig. 4(a). This symmetry group contains three mirror
planes [71], M(k, = 0), My(k, = 0), and M (k, = 0), and
three C, rotation axes in the absence of finite magnetization.
These mirror planes protect the gapless nodal lines in the
band structure in the k, = 0, k, = 0, and k, = O planes. The
presence of SOC along the [001] direction preserves only
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the mirror symmetry M, = 0 and Cj, rotational symmetry.
Therefore, two nodal lines on the k, = 0 and k, = O planes are
expected to gap out, and the nodal line along the k, = 0 plane
should be preserved. The band dispersions in the presence of
SOC are shown in Fig. 4(c) around the Fermi energy, and
the blue circles along the I'-W high-symmetry path indicate
gapped-out band crossings. Due to small gaps along the nodal

(=]
()
AN

0‘4-— \

Energy(eV)
=3
[3%) (=}
{ i
|
i

=
T~
T

=-——-

T X W I U

FIG. 4. (a) Brillouin zone of Co,CrGa. (b) The band structure of Co,CrGa without SOC. In the inset we also point out the TPs. (c) The
band structure of Co,CrGa with SOC. The Weyl points and the gapped nodal lines are shown by green and blue circles. (d) The Berry curvature

along the high-symmetry lines due to the nontrivial crossings.
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TABLE I. The Weyl point positions, Chern numbers, and energy relative to Er of Co,CrGa.
Weyl point ky ky k. Chern number E — Er (eV)
W 1.080 —0.0014 —0.41 -1 —0.10
114 —1.080 —0.0077 0.41 1 —0.11
W, —0.004 1.0811 0.41 1 —0.06
W, 0.005 —1.0815 —0.4165 -1 —0.04
W —0.0139 —0.9110 —0.0062 1 —0.01
W3 —0.0100 0.910 —0.014 -1 —0.02

lines a large Berry curvature in k, = O plane is noticed and
is discussed in Sec. S6 of the Supplemental Material [37].
Figures S6(a) and S6(b) exhibit the energy gap and the corre-
sponding BC in the k, = O plane. In Fig. 4(d), corresponding
to gapped nodal lines, a large negative BC is observed along
the high-symmetry path I"-W.

This crystal structure also has a high-symmetry axis of
the C3, point group, which has threefold rotational symmetry
(C3) along the [111] direction. Due to this symmetry, twofold-
degenerate bands are noted, as shown in the inset of Fig. 4(b)
by the thick solid black and dashed green lines. The crossing
point of this doubly degenerate band with a nondegenerate
band gives rise to a pair of triple points [17] in the absence
of SOC, and these are indicated as TP1 and TP2 in the inset
of Fig. 4(b). In the presence of SOC along the [001] direction
TP1 splits out, as shown in the inset of Fig. 4(c) inside the
magenta circle, and TP2 splits into a pair of Weyl points,

@)

which is shown in the inset of Fig. 4(c) in the green circle
at —0.08 eV. To understand the texture of these Weyl points,
we calculate the normalized BCs which indicate the flux at
these two opposite-chirality Weyl points, and their precise
position and topological charges are presented in Table I.
W+ is the source type, where the flux is along the outward
direction, as shown in Fig. 5(a), whereas W — is the sink
type, where the flux is along the inward direction, as shown in
Fig. 5(c). Moreover, we also investigate the average position
of the WCC obtained with the Wilson-loop method applied on
a sphere that encloses these two nodes of opposite chirality.
It is observed that the average WCC shifts north to south if
the Chern number of W, is +1, as shown in Fig. 5(b), while
it shifts south to north if the Chern number of W, is —1, as
shown in Fig. 5(d). We did a similar exercise for the other
Weyl nodes denoted by green circles along the high-symmetry
path I'-W, which are discussed in Sec. S7 of the Supplemental
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FIG. 5. For Co,CrGa with SOC normalized Berry curvatures are shown for Weyl point W;. (a) Source type (W), which is indicated by
outward red arrows from the marked black circle. (b) Average position of the Wannier charge center corresponding to the +1 Chern number.
(c) Sink type (W —), which is indicated by inward blue arrows from the marked black circle. (d) Average position of the Wannier charge center

corresponding to a —1 Chern number.
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FIG. 6. Energy (E — Er) dependence of the AHC for Co,CrGa,
where the red circle is the position of the gapped nodal line (at an
energy of —0.05 eV).

Material [37] (see Fig. S7), and corresponding to these Weyl
points, a large BC is noted. The AHC is proportional to the
BC, which creates a transverse anomalous velocity in the
electronic motion and generates a large AHC. The intrinsic
AHC can be evaluated in the linear response theory of Kubo
formalism, and AHC in the xy plane can be expressed as

c f TE S ooyt @
Oy =—— | —= (k).
oon ) @rp et
Q% is the Berry curvature, and it can be written as
— 2 Z I/fnk|vx|17[fmk wmk|vvz|1/fnk> ’ (5)
B — En(R)]

where f, (k) is the Fermi-Dirac distribution function, » is the
index of the occupied bands, E, (k) is the eigenvalue of the
nth eigenstate ¥, (k), and v; = }1 al;,fk) the velocity operator
along the i (i = x, y, z) direction. To calculate the AHC the
SOC is considered along the direction of magnetic polariza-
tion [001]. Nearly degenerate bands near the nodal line in the
k, =0, k, = 0 plane have large BC, as shown in Fig. S6 of
the Supplemental Material [37], and contribute to the intrinsic
AHC. Figure 6 illustrates the energy dependence of the AHC.
The giant value (~1000 S/cm) of the AHC near the gapped
nodal line (~0.05 eV below Ef) is shown in Fig. 6 inside the
red circle. This value of the AHC is expected to be large due
to the maximum BC value at that point, as discussed earlier,
but at Er the AHC value decreases to 504 S/cm due to the
positive value of the BC near the Weyl point crossing. The
experimentally obtained intrinsic AHC is comparable to that

of the theoretically calculated intrinsic AHC value for this
ferromagnetic full Heusler compound.

IV. CONCLUSIONS

In summary, we systematically investigated the AHE in
the ferromagnetic full Heusler compound Co,CrGa both ex-
perimentally and theoretically. ,ofx scales quadratically with
Pxx, and our detailed experimental analysis suggested that the
intrinsic Berry curvature driven KL mechanism is responsi-
ble for the observed AHE. Experimentally, a large AHC oy,
~569 S/cm is observed at 10 K with an intrinsic contribution
of ~526 S/cm. The observed AHC is nearly temperature
independent up to room temperature. Moreover, an exception-
ally large AHA of ~8.5% and a large AHF of ~0.23 V~!
were found simultaneously at room temperature, which is very
rare in metallic ferromagnets. The first-principles calculations
revealed that the AHC in Co,CrGa is 504 S/cm, which is
consistent with the experimentally observed intrinsic AHC
value. The theoretical calculations suggested that the BC has
a large value in the proximity of the gapped nodal line and
makes the highest contribution to the AHC. We also observed
the topologically protected TP fermion in its band structure in
the absence of SOC and also showed the generation of Weyl
points from this TP in the presence of SOC. Moreover, the
effect of these nontrivial crossings on anomalous transport
properties was discussed. Further, we also noted that the AHC
value in this system is highest (~1000 S/cm) if Ep shifts to
0.05 eV by hole doping. Thus, further material engineering
of this compound would provide a promising pathway to tune
its various intriguing topological properties both theoretically
and experimentally.
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