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Anomalous Hall effect from gapped nodal line in the Co2FeGe Heusler compound
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Full Heusler compounds with cobalt as a primary element show anomalous transport properties owing to the
Weyl fermions and broken time-reversal symmetry. We present here the study of anomalous Hall effect (AHE)
in the Co2FeGe Heusler compound. The experiment reveals anomalous Hall conductivity (AHC) ∼100 S/cm
at room temperature with an intrinsic contribution of ∼78 S/cm. The analysis of anomalous Hall resistivity
suggests the scattering independent intrinsic mechanism dominates the overall behavior of anomalous Hall
resistivity. The first principles calculation reveals that the Berry curvature originated by a gapped nodal line
near EF is the main source of AHE in the Co2FeGe Heusler compound. The theoretically calculated AHC is in
agreement with the experiment.
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I. INTRODUCTION

Weyl semimetals (WSMs) host exotic transport proper-
ties resulting from their nontrivial topological band structure
[1–6]. WSMs are characterized by chiral anomaly and linear
band crossing points known as Weyl points or Weyl nodes
[7]. The existence of Weyl nodes are possible in metal or
semimetal with broken inversion symmetry (IS) and/or time
reversal symmetry (TRS). These broken symmetries lift the
twofold degeneracy of electronic bands in the framework
of Kramer’s theorem [8] and the linearly dispersing touch-
ing points of two nondegenerate bands become Weyl points
[9,10]. The Hamiltonian of the system describing Weyl nodes
can be written in terms of the basis vector of three Pauli
matrices and hence any perturbation with linear combination
of Pauli matrices cannot destroy the Weyl nodes [9]. Also no
other symmetries are required (except translational symme-
try) for the protection of Weyl nodes that represent the Weyl
nodes as topologically stable objects [11]. Berry introduced
the concept of Berry curvature [12] which may be mapped
to a pseudomagnetic field and the degenerate Weyl points
correspond to quantized monopoles that form source and sink
of Berry curvature. These concepts help us to understand
the various intriguing phenomena like anomalous Hall effect
(AHE) [13,14], anomalous Nernst effect (ANE) [15], chiral
magnetoresistance [2,7], second harmonic generation [2], etc.
Weyl points induced by the breaking of IS were observed
experimentally the first time in TaAs [16–18] and investigated
extensively in its family members [19,20] and also in other
materials [21–23]. TRS breaking WSMs are also known as
magnetic WSMs discovered very recently and created much
interest due to exhibiting large intrinsic AHE and anoma-
lous Hall conductivity (AHC), which is proportional to the
separation of Weyl nodes [13,24,25]. The magnetic WSMs
have an added advantage over conventional WSMs because
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an external magnetic field can be used to manipulate the
properties of magnetic WSMs [26]. Co3SnS2, a ferromagnet
kagome lattice, was first discovered as magnetic WSM ex-
hibits a large Berry curvature resulting in the giant intrinsic
AHC 1130 S/cm, which is an order of magnitude larger than
the typical ferromagnets [27]. This large Berry curvature at-
tributes to the presence of Weyl nodes and nodal rings of linear
crossings in the spin-up channel based on band inversion.
Besides Co3SnS2, several other materials such as pyrochlore
iridates [28–30], PrAlGe [26], YMnBi2 [31], Mn3Sn [32],
Co3MM ′X2 (M/M ′ = Ge, Sn, Pb; X = S, Se, Te) [33], and
Heusler alloys [24,34–37] have been identified as magnetic
WSMs theoretically and/or experimentally.

Among various magnetic WSM candidates, Co2-based
Heusler compounds have been found to be more interesting
which drives the large AHC due to a large Berry curvature
[24,34,35,38]. In most of the Co2-based magnetic WSMs, a
gapped nodal line in momentum space has been found as a
major source of Berry curvature and creates intrinsic AHE
[24,39,40]. In these compounds, three gapless nodal lines
which are protected by three mirror planes exist in the ab-
sence of magnetization. The gapless nodal line gaps out with
the introduction of spin orbit coupling (SOC) according to
the magnetization direction [13,39]. For example, Co2MnGa
exhibits a giant AHC around 1260 S/cm at 60 K due to large
Berry curvature associated with the gapped nodal line [40].
Co2VGa exhibit the AHC around 140 S/cm due to a slight
gapped nodal line result from reduced mirror symmetry upon
introducing magnetization [14]. Recently, the Co2MnAl Weyl
semimetal is reported to have large AHC 1600 S/cm at 2 K
due to a gapped nodal ring in momentum space, which is as
large as for 3D quantum AHE [24].

Theoretical investigation performed on the Co2FeGe
Heusler compound reveals the existence of a nodal line above
the Fermi energy (EF ) results in an intrinsic AHE [15,41]. In
this manuscript, we present a study of AHE on the Co2FeGe
Heusler compound using both experiment and theoretical cal-
culations. We found the experimental AHC ∼ 100 S/cm at
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300 K and shows weak dependence on temperature. Our first
principles calculation reveals that the magnetization induced
gapped nodal line near the EF is the main source of AHE in
Co2FeGe.

II. METHODS

The polycrystalline Co2FeGe compound was synthesized
by a standard arc melting technique [42] in the presence
of pure argon atmosphere using 99.99% pure individual
elements. The sample was remelted several times for the
homogeneous mixing of involved elements. A small weight
loss of 0.62% was notified after melting. A small piece was
taken from a sample and crushed into powder for x-ray
diffraction measurement. The polished rectangular piece of
the dimension 4 × 2 × 0.65 mm3 was used for temperature
and magnetic field dependent transport measurements using a
cryogen free measurement system (Cryogenic, CFMS). To ob-
tain the actual transverse resistivity (ρH ), raw Hall resistivity
data (ρH

raw) was antisymmetrized by averaging the difference
of ρH

raw at the positive field and negative field with respect to
the field sweep direction.

The electronic band structure and magnetic properties of
the Co2FeGe are calculated employing density functional
theory (DFT) using the Vienna ab initio simulation package
(VASP) [43]. Exchange-correlation potential is approximated
with generalized gradient approximation and the projector
augmented wave method (PAW) [44] is used for core-valence
interaction. The calculations are performed with K mesh of
10 × 10 × 10 for the Fm3̄m space group (space group no.
225). The plane-wave basis is used with cutoff energy 500 eV
and force convergence for the optimization is kept below
0.001 eV/Å. Self-consistent calculations are performed to
get the charge density and thereafter the band structure is
calculated. To understand the DFT band structure, Wannier in-
terpolated bands and corresponding tight-binding parameters
are calculated using Wannier90 [45,46]. The anomalous Hall
conductivity (AHC), Berry curvature, and energy gap for the
given parameters are calculated using the WANNIERTOOL [47].
For AHC calculation Kubo formalism is used in the clean
limit [48]. Co2FeGe material possess Fm3̄m symmetry and
have three relevant mirror planes, mx(kx=0), my(ky=0), and
mz(kz=0), and three C4 rotation axes, kx, ky, and kz [35]. The
magnetization is oriented along the z axis and the SOC is also
considered along the same axis.

III. RESULTS AND DISCUSSION

A. Structural analysis

The x-ray diffraction (XRD) pattern of the sample col-
lected at room temperature is for structural investigation and
phase purity. The Rietveld analysis of the XRD pattern was
done using FULLPROF software [49]. The space group Fm3̄m
and Wyckoff positions 8c (1/4, 1/4, 1/4), occupied by Co
atoms, and 4b (1/2, 1/2, 1/2) and 4a (0, 0, 0), occupied by
Fe and Ge atoms, respectively, were used. The observed XRD
patterns depicted in Fig. 1(a) show that all the Bragg peaks
observed are well indexed, confirming the phase purity (cubic)
of the Co2FeGe sample. The refined unit cell parameter was
found to be 5.74 Å.

FIG. 1. (a) Rietveld modeling of the x-ray diffraction (XRD)
pattern of Co2FeGe at room temperature. (b) Simulated XRD pattern
of Co2FeGe. Insets of figures show the enlarged view around the
(111) and (200) superlattice reflections.

For full Heusler alloys the reflections index relation h,
k, and l = odd number or (h + k + l )/2 = (2n + 1) are the
superlattice reflections, while (h + k + l )/2 = 2n are the fun-
damental reflections [50,51]. The ordered structure of full
Heusler alloys (L21 structure) generally mark the presence of
(111) and (200) superlattice reflections; the presence of (111)
peak indicates the chemical ordering of an atom at the octa-
hedral position and (200) peak indicates the ordering at the
tetrahedral position, while the intensity of (220) fundamen-
tal reflection is independent from atomic ordering [52]. The
presence of both (111) and (200) superlattice peaks primarily
suggest the L21 structure of Co2FeGe as shown in the inset
of Fig. 1(a). To compare the experimentally observed relative
intensities of the superlattice reflections with theory, we sim-
ulated the XRD pattern using PowderCell software as shown
in Fig. 1(b). Similar to the observed, weak intensities of (111)
and (200) superlattice reflections have also been observed in
a simulated XRD pattern. The enlarged view of simulated
superlattice peaks is shown in the inset of Fig. 1(b). The
weak intensity of superlattice reflections is due to the small
difference between the atomic scattering factors of constituent
3d metals of Co2FeGe [53,54]. The measured and simulated
I111
I220

and I200
I220

are given in the insets of Figs. 1(a) and 1(b),
respectively. A good match between the measured and sim-
ulated XRD patterns suggests the formation of an ordered
structure of Co2FeGe.

B. Magnetization and resistivity

Magnetic isotherms up to a field of 5 T were recorded at
temperatures 2 K and 300 K depicted in Fig. 2(a).The mag-
netic moment was found to be 5.38μB/f.u. and 5.24μB/f.u.
at 2 K and 300 K, respectively. The observed magnetic
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FIG. 2. (a) Field dependent magnetization curves at 2 K and
300 K. (b)Temperature dependent longitudinal resistivity ρxx.

moment is well in agreement with the literature [55,56],
as well as our theoretical calculation (discussed later). The
variation of longitudinal resistivity (ρxx) as a function of tem-
perature from 10 K to 300 K is shown in Fig. 2(b). The ρxx

increases with increasing temperature and a residual resis-
tivity about 14 μ� cm is observed. The nonlinear behavior
of resistivity above 50 K suggests the combined phonon and
magnon scattering state [57]. The residual resistance ratio
[RRR = ρxx(300 K)/ρxx(10 K)] which quantifies the degree
of disorder is 2.82. This value is larger than most of the
Co2-based Heusler alloy [39,58–61], which signifies a com-
paratively clean sample.

C. Anomalous Hall

After investigation of the phase purity, saturation mag-
netization, and temperature variation of the longitudinal
resistivity, we carried out a detailed magnetotransport mea-
surement in a wide range of temperatures 50 K to 300 K to
study the AHE in the Co2FeGe Heusler alloy. Hall resistivity
(ρH) curves measured up to 4 T magnetic field at different
temperatures are shown in Fig. 3(a). The ρH is given by
the equation ρH (H ) = R0H + RsM [39,62], where R0 and Rs

are the normal and anomalous Hall coefficients. H is the
external applied magnetic field and M is magnetization of
the material. It is evident from Fig. 3(a) that ρH initially
increases at lower fields indicating AHE in Co2FeGe and
shows the positive slope according to the sign of the ordinary
Hall coefficient at a higher field region for all temperatures.
The anomalous Hall resistivity (ρAH) is calculated by the
zero field extrapolation of high field Hall data with the ordi-
nate, which is equivalent to the Hall voltage response arising
due to spontaneous magnetization in the absence of external
magnetic field. Figure 3(b) shows the extracted ρAH versus

FIG. 3. (a) Field dependent Hall resistivityρH at indicated temperatures. (b) Temperature dependent anomalous Hall resistivity ρAH .
(c) Temperature dependent normal Hall coefficient R0. Inset shows the temperature dependent carrier concentration n. (d) Double logarithmic
plot between ρAH and ρxx (black balls) and linear fitting is shown by red line. Inset shows the graph between ρAH and ρxx (black balls) and
fitting using Eq. (1) is shown by red line.

195108-3



GAURAV K. SHUKLA et al. PHYSICAL REVIEW B 104, 195108 (2021)

FIG. 4. (a) Field dependent Hall conductivity σH . (b) Temper-
ature dependent longitudinal conductivity σxx (black spheres) and
AHC (blue spheres).

temperature plot, which displays that the Hall resistivity in-
creases with increasing temperature and acquires a maximum
value of 0.14 μ� cm at room temperature and a small value
0.02 μ� cm at 50 K. The slope of high field Hall resistivity
data gives the normal Hall coefficient (R0) and variation of
R0 with temperature is shown in Fig. 3(c). By using relation
R0 = 1

ne , we calculated carrier density (n) and plotted in the
inset of Fig. 3(c) with temperature. The value of n was found
to be ∼2 × 1021 cm3. The positive value of R0 indicates that
the holes are majority charge carriers in the whole temperature
range.

In order to investigate the origin of AHE, we analyzed the
ρAH versus ρxx on a double logarithmic scale. A linear fitting
was employed to determine the exponent β according to the
scaling relation ρAH ∝ ρxx

β [61,63] shown in Fig. 3(d). The
exponent β decides the dependency of ρAH on ρxx. Accord-
ing to the well established theory of AHE, β = 1 is for the
AHE that originates from the skew scattering mechanism and
β = 2 is for the AHE governed by the scattering independent
mechanism [64]. By this procedure, we found the exponent
β = 1.75, which indicates the Berry phase mechanism as a
dominant contribution in AHE. To find the value of intrinsic
AHC, we have plotted ρAH versus ρxx [inset of Fig. 3(d)] and
fitted with equation

ρAH = aρxx + bρxx
2. (1)

Here a and b are the skew scattering coefficient and intrinsic
AHC, respectively. By this, we found a = 0.0004 and intrinsic
AHC b ∼ 78 S/cm. The AHC due to the extrinsic side jump
contribution is usually of the order of e2/hc(εSOC/EF), where
εSOC and EF are the spin-orbit interaction energy and Fermi

FIG. 5. (a) Total density of state (DOS) of Co2FeGe for on site
Coulomb interaction U = 0. Red and blue curves represent the to-
tal DOS for majority and minority spins. (b)The band structure of
Co2FeGe in the presence of SOC (gapped nodal lines are shown in
circle and inset shows the enlarged view around the gapped nodal
line).

energy, respectively [65]. For metallic ferromagnets εSOC/EF

is generally less than 10−2 [61,66] and hence the side jump
contribution in AHC is too small or negligible in comparison
to intrinsic AHC. Further, to understand the microscopic ori-
gin of AHE, we need to look towards the variation of AHC
with temperature and/or longitudinal resistivity. For this,
we calculated Hall conductivity using the tensor conversion
formula

σH = ρH

(ρxx
2 + ρH

2)
. (2)

Figure 4(a) displays the field dependent Hall conductivity
curves at indicated temperatures. The AHC was calculated by
zero field extrapolation of high field Hall conductivity data on
the y axis and found close to 100 S/cm at room temperature.
Figure 4(b) shows variation of longitudinal conductivity and
AHC with temperature. AHC is nearly insensitive to tem-
perature from several K to 300 K, while the longitudinal
resistivity shows explicit temperature dependence, fairly indi-
cating the origin of AHE governed by the intrinsic mechanism
[63,67,68]. Since the intrinsic AHE merely depends on the
band structure of material in order to get a better understand-
ing of the origin of intrinsic AHE, we carried out a first
principles calculation on Co2FeGe.
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FIG. 6. Energy gap �E (ky, kz ) is plotted in ky-kz plane at kx = 0 (a) without SOC and (b) with SOC. Solid red lines represent gapless
regions. (c) Energy (E − EF ) dependence of the AHC. (d) Berry curvature distribution in ky-kz plane at kx = 0. Solid green lines represent
gapless regions.

D. First principles calculation

Our ab initio calculation for a magnetic moment suggests
that Fe and Co have a large magnetic moment with μFe =
2.84μB/f.u. and μCo = 1.34μB/f.u., respectively, whereas
Ge has a small vanishing magnetic moment. The total mag-
netic moment per formula unit is 5.53μB, aligned along the
(001) direction, and the d orbital of the transition atoms Fe
and Co are the major contributors. The magnetic moment of
full Heusler alloys generally follows the Slater Pauling (SP)
rule [69]; M = Z − 24, where M and Z are magnetic moments
and the number of valance electrons, if the EF lies in the
band gap of the minority spin states. For Co2FeGe, as per
the SP rule the total magnetic moment should be 6μB/f.u. In
some cases these systems may have gapless minority bands
or minority bands crossing the EF ; then a small deviation in
total magnetic moment from the SP rule may be expected
[69]. The calculated magnetic moment for Co2FeGe is in
good agreement with the experimental value (5.38μB/f.u.),
but this value is smaller than that predicted by the SP rule. To
understand the deviation of the magnetic moment total density
of state (DOS) is calculated and shown in Fig. 5(a). Total
DOS of minority spin electrons have finite value at EF , which
indicates presence of gapless states at the EF or bands crossing
EF . A similar finite value of total DOS at EF is also reported
in literature for on site Coulomb interaction U = 0 [55,70,71].
We also performed calculations considering on site Coulomb
repulsion U : 1.92 and 1.8 for the Co and Fe, respectively
[72], and the calculated value of the magnetic moment is
≈6.00μB/f.u., which overestimates relative to experimental

value; however, the magnetic moment is in agreement with
literature [54,55,71]. Therefore, we believe that U = 0 is a
more suitable parameter to explain the experimental findings.
A similar conclusion is also reported for other Co2-based
Heusler alloys [35,73].

This material is expected to show a nodal line due to three
relevant mirror planes mx(kx = 0), my(ky = 0), and mz(kz =
0) in the absence of SOC [41]. In the presence of SOC the
nodal lines will gap out according to the magnetization di-
rection and introduce Berry curvature in the system [13,41].
To understand the topological aspects, the nodal lines in the
electronic band structure are analyzed in the absence and
presence of SOC. The band structure with SOC coupling is
calculated from the DFT calculation shown in Fig. 5(b). The
band crossings are gapped out just below or at the EF due to
perturbation of SOC and these tiny gaps are shown inside the
circle.

We analyzed the spectrum of a tight binding model Hamil-
tonian calculated from the WANNIER90 [45,46] calculation
with the help of WANNIERTOOL [47]. In Figs. 6(a) and 6(b),
we have shown an energy gap between the lowest conduction
band and the topmost valence band at the kx = 0 plane and
gaps are shown on a logarithmic scale of a color plot in the
absence as well as in the presence of SOC, respectively. The
gaps smaller than 10−4 eV are considered to be gapless. We
noticed that four semicircular nodal lines appear in the ky − kz

plane of the first Brillouin zone [Fig. 6(a)] and, in the presence
of the SOC, the gapless semicircular nodal lines are gapped
out [Fig. 6(b)]. This material shows an intrinsic AHC, which
can be expressed within the framework of linear response
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theory of the Kubo formalism [48],

σαβ = −e2

h̄

∑
n

∫
d3k

(2π )3
�n

αβ (k) fn(k), (3)

where Berry curvature � can be written as a sum over eigen-
states [74]:

�n
αβ = i

∑
n �=n′

〈n| ∂H
∂Rα |n′〉〈n′| ∂H

∂Rβ |n〉 − (α ↔ β )

(εn − εn′ )2
. (4)

Here |n〉, εn, and εn′ are the energy eigenstate and eigen-
value of n and n′ bands, respectively. H , fn, and �n

αβ are
the Hamiltonian, Fermi distribution function, and Berry cur-
vature, respectively. The �n

αβ is related to the change of
electronic wave function within the Brillouin zone. The detail
of Berry curvature is in the Appendix.

In Fig. 6(d), local Berry curvature is shown in the kx = 0
plane of the Brillouin zone. Intrinsic AHC is calculated us-
ing maximally localized Wannier orbitals using 101 × 101 ×
101 k grid. The intrinsic AHC is proportional to the Brillouin
zone summation of the Berry curvature over all occupied
states and can be calculated using Eq. (3). We notice that
the major contribution of AHC comes from the neighborhood
of nodal lines. The AHC as a function of E − EF is shown
in Fig. 6(c). The calculated AHC value at EF is found to
be 77.29 S/cm, which well matches with the experimentally
found intrinsic AHC 78.6 S/cm. We have also calculated the
energy dependent AHC as shown in Fig. 6(c) and it is evident
that Fermi level shift in Co2FeGe will result into an increased
AHC.

IV. CONCLUSIONS

In conclusion, we have experimentally investigated the
AHE in the Co2FeGe Heusler alloy and performed first prin-
ciple 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 a magnetiza-
tion induced gapped nodal line near the EF , which is in good
agreement with the experimentally calculated intrinsic AHC.
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APPENDIX

In the semiclassical limit, electrons moving in bands of
the magnetic system require additional terms for the anoma-
lous contribution to the conductivity and correction is done
considering the wave packet rather than just particle move-
ment [48]. The wave packet can be written as

Wkc,rc (r, t ) =
∑

k

ak (kc, t )ψnk (r), (A1)

where ψnk (r) = eik·run(r, k). A wave packet is strongly cen-
tered at kc in the Brillouin zone. rc is the spatial center position
of a wave packet. Here, rc is defined by

rc = 〈Wkc,rc |r|Wkc,rc〉 (A2)

and ak (kc, t ), the phase of the weighting function, can be given
as

ak (kc, t ) = |ak (kc, t )|ei(k−kc )·An (kc )−ik·rc , (A3)

An(kc) = i
∫

u.c.
d3r u∗

n(r, kc)∇kun(r, kc). (A4)

An(kc) is the Berry connection. Using the wave packet of
the equation, one can write the Lagrangian and thereafter
anomalous velocity can be calculated solving the Lagrangian.
Anomalous velocity can be given as [48]

vn = e

h̄
E × �n(kc), (A5)

where E is an electric field and �n(kc) is the Berry curva-
ture. The Berry curvature of a solid-state material in the tight
binding limit can be written as �n(k) = �k

n(k) + �r
n(k). For

nondegenerate energy bands, these are defined as

�k
n(k) = −i

∑
m �=n

[
C†

n (k)∇kH (k)Cm(k)

(εnk − εmk )2

×C†
m(k)∇kH (k)Cn(k)

]
, (A6)

�r
n(k) =

∑
m �=n

2 Re

[
C†

n (k)∇kH (k)Cm(k)

(εnk − εmk )

×C†
m(k)rCn(k)

]
, (A7)

where εnk and Cn
k are the energy of the nth band and the

coefficient of the wave function, respectively. H (k) is a Hamil-
tonian. However, for the degenerate band, �n(kc) can be
calculated as in Eqs. (73) and (74) of Ref. [48].
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