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Anomalous transport and metal to half-metal evolution induced by Cr doping in Co2FeGa
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This paper aims to enhance the spin polarization of the Heusler alloy Co2FeGa by replacing Co with Cr.
It is found that, as the substitution content x increases from 0 → 1 → 2 in Co2−xCrxFeGa alloys, the Fermi
level in the spin-up direction is tuned from the low density of states (DOS) of hybridized orbital t2g to the
small pseudogap between eg and t1u and finally to the area of high DOS formed by the antibonding t1u and eu

hybridized orbitals. Meanwhile, the Fermi level of the spin-down direction remains in the pseudogap. Hence
a transition from a ferromagnetic metal (x = 0) to a ferrimagnetic (FIM) spin-gapless semiconductor (SGS;
x = 1) and further to a FIM near half-metal (HM) (x = 2) was realized with the spin polarization enhanced from
63% to 95%. Furthermore, the disorder between Cr(B) and Ga does not destroy the HM property of Cr2FeGa.
Theoretically, the intrinsic anomalous Hall conductivity induced by the Berry curvature is found to increase
with doping Cr in ordered Co2−xCrxFeGa. Experimentally, the saturation magnetic moments of Co2FeGa and
CoCrFeGa were measured to be 5.21 μB/f.u. and 2.25 μB/f.u. at 5 K, respectively, which is consistent with
first-principles calculations. However, in Cr2FeGa, there is an obvious deviation between the experimental value
of 0.36 μB/f.u. at 5 K and the calculated value of 0.96 μB/f.u., which is attributed to the swap disorder in the
sample. The longitudinal resistivity shows Co2FeGa a metallic conductor behavior, whereas both CoCrFeGa and
Cr2FeGa exhibit semiconductorlike behavior from 5 to 350 K. In the compound CoCrFeGa, the small anomalous
Hall conductivity (σ A

xy) of 52.7 S/cm at 5 K is in line with the property of SGS. Both intrinsic and extrinsic factors
contribute to the anomalous Hall effect in CoCrFeGa, with the intrinsic contribution being larger than that of the
extrinsic part. For Cr2FeGa, a maximum of the value of σ A

xy 14.1 S/cm is observed at 5 K, and this value goes to
zero above 150 K due to Curie transition.

DOI: 10.1103/PhysRevB.108.224407

I. INTRODUCTION

Half-metal (HM) was first proposed in 1983 by de Groot
et al. when they employed ab initio calculations to investigate
the properties of the half-Heusler alloy NiMnSb [1]. HM
holds 100% spin polarization, with semiconducting behavior
for one spin direction but the metallic behavior for the other.
HM has been highly considered due to its use in high tunnel
magnetoresistance devices and spintronic devices [2,3] utiliz-
ing spin as a carrier of information. Furthermore, it has been
found that certain half-metallic materials exhibit nontrivial
topological structures, such as Weyl points and nodal line.
These unique topological features generate a large Berry cur-
vature, resulting in the observation of a giant anomalous Hall
effect (AHE) in these half-metallic materials, i.e., Co2MnGa
[4], Co2MnAl [5] and Co3Sn2S2 [6]. The remarkable magne-
totransport properties of these materials further promote the
application prospects of HM in the field of spintronics devices,
offering reduced energy costs.

Compared with many half-metallic materials, such as metal
oxides, perovskites, and double perovskites [7,8], Co-based
Heusler alloys are more suitable for application because
of their high Curie temperature (TC) [9,10] and variable
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properties acquired by tuning valence electron counts
[11–13]. As a unique variant of HM, spin-gapless semicon-
ductors (SGSs) also possess full spin polarization and features
a finite band gap for one spin direction, while behaving as a
semimetal for the other spin direction due to the touching of
conduction and valence band edges [14].

Heusler alloys are intermetallic compounds whose formula
is X2Y Z , where X and Y are transition metal elements and
Z is a main group element. Conventional full Heusler com-
pounds crystallize in a cubic crystal system (space group
Fm3̄m, #225) named L21 phase, and the atoms X, X, Y, and
Z in the unit cell occupy the positions with Wyckoff coor-
dinates: A (0, 0, 0), C (1/2,1/2,1/2), B (1/4,1/4,1/4), and D
(3/4,3/4,3/4) along the body diagonal. However, when the
number of valence electrons of the Y element exceeds that of
the X element, X, X, Y, and Z will occupy sites A, B, C, and D
successively, resulting in an XA phase structure known as an
inverse Heusler alloy. This structure belongs to space group
F 4̄3m (#216). Furthermore, when one X is substituted with a
distinct transition metal element X′ forming XX′YZ, a Y-type
quaternary Heusler alloy with the identical space group F 4̄3m
is formed.

Although quite a few Co-based and Mn-based Heusler
alloys have been predicted to be HM, it is important to
note that there are still many stoichiometric Heusler alloys
that do not possess this property. However, by appropriately

2469-9950/2023/108(22)/224407(11) 224407-1 ©2023 American Physical Society

https://orcid.org/0000-0002-7732-7736
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.224407&domain=pdf&date_stamp=2023-12-05
https://doi.org/10.1103/PhysRevB.108.224407


LI, CHENG, ZHANG, LIU, AND LIU PHYSICAL REVIEW B 108, 224407 (2023)

adjusting the valence electron count, these alloys can be
transformed into half-metallic materials. For example, in the
alloy Co2MnAsxAl1−x, when x is between 0.5 and 0.75,
the Fermi level (EF) falls within the gap of the spin-
down channel, forming a perfect HM [15]. In the alloy
Co2MnAlxSi1−x, it is demonstrated that the EF shifts to-
ward the center of the half-metallic gap with x, realizing a
more strong half-metallicity property [16]. The doped com-
pound Co2FeAl0.5Si0.5 hosts strong half-metallicity whereas
the corresponding stoichiometric composition does not [17].
A double element doping in CoFeCrGe can achieve the strong
half-metallicity in the compound CoFeCr0.75V0.25Ge0.5As0.5

[18]. In the alloy Co2−xCrxFeGe, the Cr substitution moves
the EF toward the center of the half-metallic gap while also in-
creasing the majority spin density of states (DOS) at EF [19].

Ferromagnetic Co2FeGa has a high TC of approximately
1100 K [20], but it is not a complete HM. It has been found
that Co2FeGa can be modulated into a half-metallic material
through doping. Ahmadian and Boochani have indicated that
the Ti doping compound Co2Fe1−xTixGa turns into a perfect
HM when x = 0.5 [21]. In the Ge doping partial Ga alloy
Co2FeGa1−xGex, the complete half-metallicity is achieved in
theoretical calculation, and a high experimental spin polar-
ization value of 69% is obtained when x = 0.5 [22]. These
methods try to transform the spin-down pseudogap around
EF into a genuine gap, ultimately achieving half-metallicity.
However, instead of tailoring the spin-down pseudogap, we
concentrate on the low DOS at EF in the spin-up direction and
aim to enhance the spin polarization by reducing the number
of valence electrons, thus adjusting the EF to a higher DOS
range. In this study, we adopt the approach of replacing the
Co atom with a Cr atom to achieve this tuning. It turns out
that a transition from a ferromagnetic (FM) metal to a near
ferrimagnetic (FIM) SGS and further to a near FIM half-metal
has been realized in Co2−xCrxFeGa (x = 0, 1, and 2) alloys.
The electronic, magnetic, and transport properties of the three
alloys have been extensively investigated by combining first-
principles calculations with experimental research.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Polycrystalline ingots with nominal compositions of
Co2−xCrxFeGa (x = 0, 1, and 2) were synthesized by arc
melting Co, Fe, Cr, and Ga with a purity of 99.99% in a highly
purified argon atmosphere. To achieve chemical homogeneity,
each ingot was remelted four times and flipped before a new
melting step. All the ingots were sealed in a quartz tube under
argon atmosphere and then annealed at 1073 K for 3 days,
followed by naturally cooling down to room temperature. The
crystal structure was identified by standard x-ray diffraction
(XRD) using a Rigaku Smartlab3 instrument with Cu Kα

radiation. The longitudinal and Hall resistivities were mea-
sured simultaneously using a six-probe method on the same
bar-shape sample with a Quantum Design physical properties
measurement aystem (PPMS). The magnetic properties were
also measured in the PPMS device.

We have employed the Vienna ab initio simulation package
(VASP) [23] in our calculations within density functional the-
ory to investigate the electronic properties of Co2−xCrxFeGa
(x = 0, 1, and 2). The generalized gradient approximation

in the scheme of Perdew-Burke-Ernzerhof [24] are adopted
for the electronic exchange-correlation functional. The plane-
wave cutoff energy of 500 eV and the self-consistent field
convergence criterion of 10−7 eV/cell for energy are set in the
calculations. The 15 × 15 × 15 k-point setting was adopted
for Brillouin zone integration. To investigate the effect of
disorder structure on the Cr2FeGa alloy, a 2 × 2 × 2 su-
percell containing 32 atoms was created, and the 8 × 8 ×
8 k-point setting was adopted for Brillouin zone integra-
tion. The Korringa-Kohn-Rostoker Green’s function method
is also employed, which is combined with the coherent po-
tential approximation [25–27]. Furthermore, we investigate
the intrinsic anomalous Hall conductivity (AHC) of the al-
loys induced by Berry curvature. The Bloch wave functions
are projected into a maximally localized Wannier function to
obtain the tight-binding model Hamiltonian, and AHC was
calculated in the evaluation of the integrals [28–30]. The s
and p orbitals for Ga and the d orbitals for Co, Cr, and Fe are
included to obtain the precise Wannier functions. The intrinsic
AHC (σ int

xy ) is calculated in the tight-binding models con-
structed from these Wannier functions and can be expressed
as [31],

σ int
xy = e2

h̄

∫
dk

(2π )3 �z(k) f (k),

where �z(k) is the z component of Berry curvature for k , and
f (k) represents the Fermi distribution function.

All the possible structures for the three alloys are consid-
ered in the calculations and the most stable structure is given
in the paper. The Heusler alloy Co2FeGa (x = 0) crystallizes
in the L21 phase, as shown in Fig. 1(a). Taking all symmetries
into consideration, CoCrFeGa (x = 1) exhibits three distinct
possible site occupations, with Co, Cr, Fe, and Ga atoms
arranged along the diagonal of the fcc cube in the order of
A-B-C-D, A-C-B-D, and A-B-D-C. We have investigated all
structures and found that the first ordering A-B-C-D is the
most stable, as shown in Fig. 1(b), which is consistent with
the previous study [32], while Cr2FeGa (x = 2) is found to
be the XA phase, as illustrated in Fig. 1(c). The calculated
equilibrium lattice constants are 5.719, 5.720, and 5.783 Å for
Co2FeGa, CoCrFeGa, and Cr2FeGa, respectively, increasing
with the replacement of Co by Cr.

III. RESULTS AND DISCUSSION

A. Band structure regulation

The spin-resolved band structure and partial density of
states (PDOS) of Co2FeGa are shown in Fig. 2. It can be found
that the bands across the EF in both the spin-down and the
spin-up states, indicating the metallic properties of the alloy
[see Fig. 2(a)]. Although there is no gap in the spin-down
direction, the overlap between the valence band maximum
and the conduction band minimum is only 0.06 eV at the
G and X points. As a result, a wide pseudogap is formed
at EF, as evidenced by the DOS [see Fig. 2(b)]. There are
only several bands across the EF for the spin-up direction,
resulting in a flat and very low DOS value near the EF. It
should be noticed that EF falls into the pseudogap in the spin-
down channel while a small finite value for the spin-up one
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FIG. 1. Crystal structure in unit cell for Co2−xCrxFeGa with (a) x = 0, (b) x = 1, and (c) x = 2.

which makes spin polarization of Co2FeGa only have 63%.
The PDOS reveals a clear exchange splitting between the
spin-up and spin-down directions, suggesting the FM property
[see Fig. 2(b)].

It should be noticed from Fig. 2(b) that there is an obvious
pseudogap in the spin-up direction from −1.5 to −1.2 eV
at below EF. The DOS of Co2FeGa is sketched, as shown

in Fig. 2(c). If we move the EF of the spin-up channel into
the narrow pseudogap without destroying the wide pseudogap
in the spin-down channel, we can open a zero-width energy
gap at EF in the spin-up direction. This results in an SGS, as
depicted in Fig. 2(d). If we continue to lower the EF of the
spin-up channel to a higher DOS while still keeping the EF

within the pseudogap of the spin-down direction, a near HM

FIG. 2. Spin-resolved (a) band structure; (b) total DOS and PDOS of Co2FeGa. The schematic DOS of (c) FM metal, (d) FIM SGS, and
(e) near FIM HM. (f) The schematic diagram of spin-down orbital hybridization of Co2FeGa. The red dashed line is Fermi level.
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state will be formed. This enhances the spin polarization of
the sample, as shown in Fig. 2(e).

To illustrate the origin of the band gap in the spin-down
direction and guide us to tune the EF in the spin-up direction,
a schematic diagram of the spin-down orbital hybridization
of Co2FeGa is provided [see Fig. 2(f)]. The d orbitals of
transition metal elements contribute significantly to the DOS
around EF. Therefore, the s and p orbitals, as well as the
orbitals of the main group element Ga are not considered. The
hybridization between the A and C sites of the Co-Co atoms
are first considered. The d orbitals of the Co atom split into
triple degenerate dxy, dyz, and dzx orbitals and double degen-
erate dz2 and dx2−y2 orbitals. The dxy, dyz, and dzx orbitals of
the two Co atoms hybridize with each other to form the triple
degenerate t2g bonding orbital and the t1u antibonding orbital,
while the dz2 and dx2−y2 orbitals form the double degenerate
eg bonding orbital and the eu antibonding orbital [see the left
side of Fig. 2(f)]. As depicted in the right side of Fig. 2(f), the
t2g and eg bonding orbitals of Co-Co hybridize with Fe’s triple
degenerate dxy, dyz, and dzx orbitals and the double degenerate
dz2 and dx2−y2 orbitals, eventually forming the bonding orbitals
t2g and eg with the lower energy and antibonding orbitals t2g

and eg with higher energy. As the requirement of the high
symmetry of the crystal structure, the antibonding orbitals eu

and t1u of Co-Co maintain the energy level as they cannot
hybridize with the Fe atom, which is corresponding to the
absence of the Fe component in the spin-down channel DOS
from −1 to 0.2 eV [see Fig. 2(b)].

The primitive cell of Co2FeGa contains 29 valence elec-
trons, while hybridized eg, t2g, t1u, as well as the s and p
orbitals of the Ga atom can hold 24 electrons in total. There-
fore, EF falls within the gap between t1u and eu of minority
states. This is evident in the DOS diagram for the spin-down
direction, as shown in Fig. 2(b). The remaining five electrons
fill the orbitals of eu (two electrons), eg (two electrons), and
t2g (one electron) of the spin-up direction, and this filling rule
of electrons can be found in some other L21 ferromagnetic
Co2-based Heusler alloys with 29 valence electrons, such as
Co2MnGe [33], Co2MnSn [33], and Co2FeAl [34]. So the
triple degenerated t2g antibond orbitals are corresponding to
the flat and low DOS around the EF of Co2FeGa in the spin-up
direction [see Fig. 2(b)]. Therefore, in order to change it into
a SGS, we can adjust the EF the in spin-up direction to fall
between two orbitals, i.e., between eu and eg, by reducing
three valence electrons. Cr has three valence electrons less
than Co, so Cr was chosen to replace Co to tune the EF in
this study. If further replacing another Co with Cr, we can
adjust the EF into hybridized antibonding orbitals t1u and eu

with high DOS to form a HM.
Figure 3 shows the band structure and DOS of

Co2−xCrxFeGa for x = 1 and 2. Compared with Co2FeGa, the
band structure in spin-down direction does not change much;
however, there is a large change in the spin-up direction. For
x = 1, the spin-up EF moves towards lower energy by about
1 eV, exactly falling into a narrow gap, in which the top of the
valence band and the bottom of the conduction band almost
touch each other, and they only overlap by 0.02 eV at the L and
X points [see Fig. 3(a)]. Additionally, there is a gap of 0.02 eV
just above EF in the spin-down direction, which is also evident
by the DOS of CoCrFeGa shown in Fig. 3(b), suggesting

FIG. 3. Spin-resolved band structure, total DOS, and PDOS of
Co2−xCrxFeGa for (a) and (b) x = 1, and (c) and (d) x = 2.

the near SGS character. Cr has three valence electrons less
than Co, and the valence electron number of the compound
CoCrFeGa is 26. Consequently, the original occupied orbitals
of t2g and eg in the spin-up directions for Co2FeGa will be
unoccupied, resulting in that the EF moves towards lower
energy and eventually falls into the small pseudogap between
the eg and t1u orbitals described earlier. Hence a near SGS
forms in CoCrFeGa. This is also the reason why Heusler
alloys with a valence electron count of 26, i.e,. Mn2CoAl [35],
CoFeCrAl, and CoMnCrSi [36], tend to form a SGS. It can
be seen that the exchange splitting between the spin-up and
down reduces a lot compared with Co2FeGa. In fact, there is
a parallel arrangement of magnetic moments between Co and
Fe atoms, while an antiparallel arrangement between Cr and
Fe (Table I), which leads to a FIM property in CoCrFeGa.

For x = 2, one more Cr replacing Co leads to a change
in composition to Cr2FeGa with a valence electron number
of 23. The band structure shown in Fig. 3(c) indicates that
the spin-up band goes beyond the spin-down band in energy,
which is due to less valence electrons in the spin-up direction
compared to the spin-down direction. As shown in Fig. 3(d),
the DOS of Cr2FeGa keeps the pseudogap position of the
spin-down direction, while the spin-up EF is adjusted into the
high DOS region of the t1u and eu orbitals formed by Cr-Fe hy-
bridization, resulting in a high spin polarization of 95%. The
PDOS in Fig. 3(d) demonstrates nearly equal contributions
from the Cr(A), Cr(B), and Fe atoms, indicating the strong
hybridization among them.

The calculated formula moment, atomic moment, and the
spin polarization are shown in Table I. The formula moments
of Co2FeGa, CoCrFeGa, and Cr2FeGa are 5.07, 1.97, and
0.96 μB/f.u., respectively, almost obeying the Slater-Pauling
rule of M = NV −24, where M is the formula moment and
NV is the number of valence electrons. A slight deviation to
the integer magnetic moment is attributed to a band crossing
in the spin-down direction at EF. Obviously, there is a ferro-
magnetic exchange coupling between Co and Fe in Co2FeGa
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TABLE I. Calculated formula moment Mtot , each atomic moment M (μB/f.u.), and spin polarization (%) of Co2−xCrxFeGa (x = 0, 1, and 2).

Compounds Mtot MCo MCr(A) MCr(B) MFe MGa Spin polarization (%)

Co2FeGa 5.07 1.18 2.77 −0.07 63
CoCrFeGa 1.97 0.94 1.80 −0.73 −0.04 77
Cr2FeGa 0.96 1.62 −1.33 0.67 0.01 95

and forms the ferromagnetic moment arrangement, which is
consistent with previous study by Liu and Altounian [37].
However, in XA-type Mn2CuGe with the same valence count
of 29, there is a strong antiparallel coupling between two Mn
atoms, which leads to a different electron occupation in the
spin-down channel [38]. This makes it a FIM material with
a magnetic moment of 0.97 μB/f.u., which obeys a different
Slater-Pauling rule of M = NV −28 [39]. In CoCrFeGa, there
is an antiparallel coupling between Cr and Fe atoms, but a
parallel coupling between Co and Cr atoms, forming a FIM
SGS. As for Cr2FeGa, Cr(A), and Cr(B) atoms, as well as Fe
and Cr(B) atoms, both form antiparallel coupling, resulting in
a significant decrease in formula moment. It can be found that
by gradually replacing Co with Cr in Co2FeGa, the transition
from FM metal to near FIM SGS to near FIM half-metal has
been achieved.

Figure 4 displays the energy-dependent intrinsic AHC
(σ int

xy ) of Co2−xCrxFeGa (x = 0, 1, and 2) calculated with
Wannier functions. In this study, we consider the magnetiza-
tion along the z direction and present the intrinsic AHC in
the xy plane. Our results show that the intrinsic AHC at EF

is 128 S/cm for x = 0 and 162 S/cm for x = 1. For x = 2,
the intrinsic AHC at EF is calculated to be 366 S/cm, but
there is a compensation point located just 0.06 eV above EF,
which leads to an unstable AHC. As a result, a small impurity
or disorder structure in the sample may shift EF, resulting
in a sudden decrease in the AHC experimentally. Overall, it
can be concluded that the intrinsic AHC of the well-ordered
Co2−xCrxFeGa alloys is enhanced with increasing x.

B. Experimental results

The XRD patterns for the Co2−xCrxFeGa (x = 0, 1, and 2)
powder samples were measured at room temperature and

are shown in Fig. 5(a). To clearly observe the superlattice
peaks, a step scan mode with the step size of 0.02° and 3 s
step time was used to measure the diffraction peaks in the
range of 20°–40°, as shown in the inset of Fig. 5(a). The
main peaks of (220), (400), and (422) indicate the body-
centered cubic structure of three samples and the superlattice
peak of (200) is observed. However, the superlattice peak
of (111) is absent for all three samples. The experimental
lattice constants obtained by Bragg’s law are 5.74, 5.78, and
5.86 Å for x = 0, 1, and 2, respectively, which are a little
larger than those calculated by first-principles calculations,
with the average deviations ∼1%. The structure factors of
superlattice peaks (111) and (200) in the Heusler alloy are
as follows [40]: F111 = |4[( fA − fC )2 + ( fB − fD)2]|1/2

and
F200 = 4| fA − fB + fC − fD|, where f is the scattering factor
of the atom depending on the type of element. Because of the
similar scattering factors of the constituent elements of Cr, Co,
and Fe [41], disorder between the B and D sites leads to the
disappearance of the superlattice peak of (111). In fact, it has
been confirmed that atomic swap disorder between the B and
D sites is common in Heusler structures. Thus, the absence of
superlattice peak (111) indicates disorder between the B and
D sites.

Rani et al. conducted first-principles calculations on dis-
order and discovered that the SGS nature of CoFeCrGa is
highly resistant to Co-Fe swap disorder. However, when the
swap disorder between Cr (B site) and Ga (D site) exceeds
25%, the system switches from SGS to a half-metallic state
[42]. As no disorder calculation of Cr2FeGa was performed
in previous studies, we also conduct calculations on different
kinds of disorder in Cr2FeGa, and it is found that the disorder
between Cr (B site) and Ga (D site) leads to the most sta-
ble structure (refer to Supplemental Material Fig. S1 [43]).

FIG. 4. Energy dependence intrinsic AHC (σ int
xy ) of Co2−xCrxFeGa for (a) x = 0, (b) x = 1, and (c) x = 2.
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FIG. 5. (a) Room-temperature XRD patterns of Co2−xCrxFeGa (x = 0, 1, and 2). Inset shows the diffraction peaks in the range of 20°–
40° measured by using step scan mode. Magnetic field dependence of magnetization at different temperatures for (b) x = 0, (c) x = 1, and
(d) x = 2. The inset in (b) shows the details at high field.

Interestingly, spin polarizations of 93.7% and 98.9% were
obtained with disorder levels of 12.5% and 50%, respectively
(see Supplemental Material Fig. S2 [43]). Hence, real samples
can be considered as SGSs for CoCrFeGa and half-metals for
Cr2FeGa.

Isothermal magnetization curves of the three alloys ob-
tained under magnetic field (0–50 kOe) were shown in Fig. 5.
The magnetization of Co2FeGa saturates at a small field of
about 5 kOe at 5 K. The saturation magnetization (MS) is de-
rived to be 119.9 emu/g (5.21 μB/f.u) by linear extrapolation
of the magnetization at high field. As can be seen in the inset
of Fig. 5(b), the MS in a wide temperature range (5–320 K)
varies little, suggesting the TC of Co2FeGa is much higher
than room temperature. This is consistent with the previous
report that the TC of Co2FeGa is above 1100 K [20].

As shown in Fig. 5(c), the CoCrFeGa alloy reaches sat-
uration at 3 kOe at 5 K with an extrapolated MS value of
54.33 emu/g (2.25 μB/f.u.), which is slightly higher than
the theoretically calculated value of 1.97 μB/f.u. As the tem-
perature increases to 320 K, MS gradually decreases to 49.8
emu/g (2.06 μB/f.u.). This saturation behavior suggests a TC

much higher than 320 K, which is in line with the previously
reported high value of 686 K [41]. The magnetization of
Cr2FeGa shown in Fig. 5(d) drops rapidly from 150 K due
to its relative low TC and shows an unsaturated state with
a field of 0–50 kOe. The extrapolated value of MS is 8.70
emu/g (0.36 μB/f.u.), which is smaller than the theoretical
calculation value of 0.96 μB/f.u. This obvious reduction is at-
tributed to the swap disorder in the sample. In the isostructural

alloy Cr2CoGa, which has one electron more than Cr2FeGa,
it is theoretically calculated to be a fully compensated FIM
half-metal with the magnetic moment close to zero, while the
experiment shows the moment of Cr2CoGa is 0.46 μB/f.u.
[44]. The theoretical calculation suggested that atomic dis-
order between Cr(B)-Co has an obvious influence on the
magnetization [45].

The temperature dependence of longitudinal resistivity
(ρxx) for the Co2−xCrxFeGa alloys was measured from 350 to
5 K with zero magnetic field as shown in Fig. 6. We found
that the ρxx of Co2FeGa increases from 5.9 to 21 μ� cm
with the increase of temperature, exhibiting a metallic be-
havior, which is consistent with the previous study by Zhang
et al. [46]. To figure out the component of the temperature
dependence resistivity, the Matthiessen’s rule [47], ρxx(T ) =
ρ0 + ρe−p(T ) + ρe−m(T ), for metallic alloys is used. Here
ρ0, ρe−p, and ρe−m represent residual resistivity, linear
temperature-dependent electron-phonon scattering compo-
nent, and quadratic temperature-dependent electron-magnon
scattering component, respectively. In the temperature range
of 5–100 K, as shown in Fig. 6(a), ρxx(T ) can be fit-
ted as quadratic temperature dependence ρ = ρ0 + bT 2 with
ρ0=5.80 μ� cm and coefficient b = 3.37 × 10−4 μ� cm K−2

while the coefficient of the linear term is close to zero,
showing that the variation of longitudinal resistivity in the
low temperatures is dominated by electron-magnon scattering.
The residual resistivity ratio (RRR = ρ300/ρ0) of Co2FeGa is
calculated to be 3.11. In temperatures ranging from 100 to 350
K, a combination of linear and quadratic temperature depen-
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FIG. 6. Temperature dependence of resistivity (ρxx) of alloys Co2−xCrxFeGa for (a) x = 0, (b) x = 1 along with longitudinal conductivity
(σxx), and (c) x = 2 in zero field.

dence can fit well with the coefficient to be 0.052 μ� cm K−1

and −1.11 × 10−5 μ� cm K−2, respectively. The fitting
coefficient of the linear term is negative and much smaller
than that of the quadratic term, showing that the variation
of resistivity is dominated by electron-phonon rather than
electron-magnon scattering in high temperatures.

The temperature dependencies of the electric resistivity
and conductivity of CoCrFeGa (x = 1) are shown in Fig. 6(b).
The curve appears to exhibit semiconductorlike behavior with
a negative temperature coefficient of resistance (TCR). For
the CoCrFeGa alloy, the longitudinal resistivity mildly drops
from 262 to 251 μ� cm in the temperature ranging from 5
to 350 K. The small resistivity variation is due to the smaller
gap at the EF of the SGS property compared with a typical
semiconductor. Due to the zero gap at the EF of CoCrFeGa,
the charge carriers can be easily excited at low temperature,
and the sample is expected to display negative TCR, similar
to gapless semiconductors. The linear decrease behavior of re-
sistivity is also observed in the SGS materials Mn2CoAl [35]
and CrVTiAl [48]. Figure 6(b) also shows the conductivity
of CoCrFeGa. A two-carrier model is employed to investi-
gate the gapless behavior and linear variation [49],where the
temperature-dependent conductivity can be given by

σ (T ) = σe + σh = Ae(T )e−(�Ee/kBT ) + Ah(T )e−(�Eh/kBT ),

where Ai(T ) = eni0μi0/(1 + aiT ) for i = e and h, and the e
and h represent electron and hole, respectively. The ni0 and
μi0 represent the carrier concentration and mobility at 0 K,
respectively, and ai corresponds to electron-phonon scatter-
ing. The data from 75–300 K is fitted with this model, as
shown by the green line in Fig. 6(b). The best parameters of
�Ee and �Eh fitted are 146 and 0.29 meV, respectively. It
is found that Ai(T ) for both the electron and the hole hardly
change with temperature, with values of approximately 493
and 3923 S/cm, respectively. The temperature parameter ai is
fitted to be close to zero. The σe and σh are fitted to be 76 and
3910 S/cm at 300 K, respectively. As the σe is much smaller
than the σh, the transport behavior in CoCrFeGa is dominated
by holes.

The ρxx of Cr2FeGa also decreases from 256 to 230
μ� cm in the temperature range of 5–350 K, as shown in
Fig. 6(c). There is a distinct turning point near TC and the

slope decreases as the temperature increases. The linear de-
crease of resistivity indicates the lack of the ρe-m(T ) term, the
quadratic temperature-dependent electron-magnon scattering
component. The magnon scattering is a spin-flip process, and
the lack of electron-magnon interactions indicates a lack of
minority spin electrons in the EF. Mott et al. proposed that
localization of electrons can occur when the EF is located
in a deep gap or pseudogap [50]. The localization of charge
carriers in the Cr2FeGa may cause a negative TCR. Addition-
ally, in some alloys, such as Co2CrAl, the disordered sample
also exhibits lower negative TCR values than the ordered
one [51]. So, swap disorder may be another reason for the
negative TCR for Cr2FeGa. It can be seen that the resistivity
change of Cr2FeGa is consistent with the rule of Mooij [52],
that metallic materials with resistivity above 100–200 μ� cm
typically exhibit a negative TCR while those with resistivity
below 100–200 μ� cm usually exhibit a positive TCR.

Figures 7(a) and 7(b) show the magnetic field dependence
of transverse Hall resistivity ρxy of CoCrFeGa and Cr2FeGa
at different temperatures. Since the longitudinal resistivity is
too small, resulting in the Hall signal of Co2FeGa being too
weak to observe, no Hall data is shown here. As can be seen
in Fig. 7(a), for the CoCrFeGa alloy, ρxy increases linearly
in the low field range, and varies very little after saturation.
It is evident that the saturation ρxy decreases slowly from
3.51 to 3.2 μ� cm with the increase of temperature from
5 to 320 K in CoCrFeGa, while ρxy decreases rapidly in
Cr2FeGa. The Hall resistivity ρxy originates from the ordinary
Hall resistivity (ρO

xy) and the anomalous Hall resistivity (ρA
xy),

which is expressed to be ρxy = ρO
xy + ρA

xy = R0H + RsM, here
ρO

xy is associated with the Lorentz force and is expressed
as the product of the ordinary Hall coefficient (R0) and the
applied magnetic field (H). Meanwhile, ρA

xy is proportional to
magnetization (M) with an anomalous Hall coefficient (Rs).
By linearly extrapolating the high field ρxy to zero field, we
can determine the intercept and slope, which correspond to
ρA

xy and R0, respectively. The carrier concentration (n) can
be calculated from R0 using the equation n = 1

eR0
, which is

a function of temperature. The n varies from 1.08 to 1.4 ×
1021 cm−1 as the temperature ranges from 5 to 320 K (see
Supplemental Material Fig. S3 [43]). The nearly temperature-
independent behavior of the carrier concentration indicates the
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FIG. 7. Magnetic field dependence of the Hall resistivity (ρxy) for Co2−xCrxFeGa alloys with (a) x = 1, (b) x = 2, and Hall conductivity
(σxy) for (c) x = 1 and (d) x = 2.

SGS property of CoCrFeGa [53]. The field dependence Hall
conductivity σxy shown in Figs. 7(c) and 7(d) is calculated by
σxy = ρxy

ρ2
xx+ρ2

xy
. As ρ2

xy is much smaller than ρ2
xx, this formula

can be expressed as σxy = ρxy

ρ2
xx

. For CoCrFeGa, the AHC σ A
xy

is determined by extrapolating σxy of high field to zero field
[see Fig. 8(b)]. The σ A

xy is considered to be contributed by the
extrinsic (σ ext

xy ) and intrinsic (σ int
xy ) parts (σ A

xy = σ ext
xy + σ int

xy ),
and shows a slight decrease with the increase of temperature.
The value of σ A

xy at 5 K is found to be a small value of 52.7
S/cm, which is comparable to the value of the AHC reported
in the other SGSs, such as 27 S/cm in Mn2CoAl at 2 K [54]
and 20 S/cm in CoFeTiSn at 5 K [55].

FIG. 8. (a) The linear fitting curve of ρA
xyvs ρ2

xx for CoCrFeGa.
(b) The temperature dependence of σ A

xy and extrinsic component
|σ ext

xy | for CoCrFeGa.

To shed light on the origin of the observed AHE in
CoCrFeGa, we employ a scaling model reported by Tian
et al. [56]: ρA

xy = aρxx0 + bρ2
xx. The first term, aρxx0 =

αρxx0 + βρ2
xx0, represents the extrinsic component which

includes skew scattering parameter α and side jump scatter-
ing parameter β with a constant residual resistivity ρxx0 =
261.29 μ� cm. The parameter b in the second term represents
the intrinsic component associated with the integration of
momentum-space Berry curvature. The value of ρA

xy exhibits
a linear relationship with ρ2

xx. This relationship is depicted
in Fig. 8(a) through a linear fitting curve represented by the
above equation. The fitted parameter a is determined to be
−0.288 × 10−2, and the intrinsic parameter b is found to be
63.23 S/cm, which is consistent with the calculated value
162 S/cm by the order of magnitude. The relatively small
intrinsic component b suggests that CoCrFeGa possesses the
SGS property. Specifically, in an SGS, the characteristic band
structure results in a compensation point of AHC around
EF by two opposite spin directions, leading to a small ob-
served intrinsic component of AHC [57]. In off-stoichiometric
Co1−xFe1−xCrGa compounds, the intrinsic components are
derived to be 69 and 94 S/cm for x = 0.1 and 0.3, respec-
tively, which increases with deviating from the stoichiometric
CoCrFeGa [41]. The negative value a suggests the extrinsic
component gives rise to the AHE in an opposite way as the in-
trinsic component. Employing the equation σ A

xy = σ ext
xy + σ int

xy ,
the extrinsic contribution to AHC (σ ext

xy ) is estimated, and the
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temperature dependence of |σ ext
xy | is shown in Fig. 8(b). Obvi-

ously, the |σ ext
xy | is smaller than the intrinsic one in the whole

temperature range, and increases slightly with temperature.
For Cr2FeGa shown in Fig. 7(d), the field-dependent Hall

conductivity σxy shows a similar trend as the ρxy-H curve. The
maximum of the value of σ A

xy is 14.1 S/cm at 5 K, which is
rather small compared with the calculated one (366 S/cm).
The disorder structure discussed before may change the band
structure slightly and induces a movement of EF, resulting
in the great decrease of intrinsic AHC. Above 150 K, σxy

shows a linear field dependence, which is due to the absence
of magnetism when the temperature is higher than TC.

IV. CONCLUSION

In conclusion, Heusler alloys Co2−xCrxFeGa (x = 0, 1,
and 2) have been studied theoretically and experimentally
from the aspect of electronic structure, magnetism, and
anomalous transport properties. First-principles calculations
suggest a transition from FM to near FIM SGS to near FIM
HM is realized and an enhancement of spin polarization is
achieved by replacing Co with Cr gradually. The ferromag-
netic Co2FeGa alloy has a low P (63%) with an observed
saturation moment of 5.21 μB/f.u. at 5 K. The longitudinal
resistivity of Co2FeGa exhibits metallic property, increasing
from 5.9 to 21 μ� cm from 5 o 350 K. Replacing one Co atom
with Cr results in a near SGS property in CoCrFeGa because
the EF in the spin-up channel is adjusted into a narrow gap.
The AHE has been extensively studied both theoretically and

experimentally. According to calculations, the intrinsic AHC
induced by the Berry curvature is found to increase from 128
to 366 S/cm with doping Cr in ordered Co2−xCrxFeGa. The
AHE was also experimentally studied in CoCrFeGa, and a
maximum σ A

xy of 52.7 S/cm was observed at 5 K and it is found
that both intrinsic and extrinsic factors are responsible for the
AHE. When further doping another Co with Cr, namely, in
Cr2FeGa, the enhancement of P (95%) was achieved due to
the proper tuning of the EF in the spin-up channel, creating an
almost half-metallic metal. The compound Cr2FeGa, as well
as CoCrFeGa, exhibits a semiconductorlike behavior with a
negative TCR in temperature ranging from 5 to 350 K. The
experimental saturated formula moment of Cr2FeGa exhibits
the maximum value (0.36 μB/f.u.) at 5 K deviating from
the calculated value (0.96 μB/f.u.), which is attributed to the
disorder in the sample. In addition, a small σ A

xy (14.1 S/cm)
of Cr2FeGa is observed at 5 K. As the temperature increases
above 150 K, the saturated formula moment as well the AHC
becomes zero. The scheme of modulating the position of the
EF to achieve the FM→near FIM SGS→near FIM HM transi-
tion is proposed in this work. The enhanced spin polarization
provides an opportunity for spintronics application.
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