
CoMnCrGa: A Novel Ferromagnetic Material with High Spin-
Polarization for Room Temperature Spintronics

Journal: Journal of Materials Chemistry C

Manuscript ID TC-ART-08-2023-002813.R2

Article Type: Paper

Date Submitted by the 
Author: 13-Oct-2023

Complete List of Authors: Gupta, Shuvankar; Saha Institute of Nuclear Physics, Condensed Matter 
Physics
Chakraborty, Sudip; Saha Institute of Nuclear Physics, Condensed Matter 
Physics
Bhasin, Vidha; Bhabha Atomic Research Centre, 
Pakhira, Santanu; Ames Laboratory, ; Karlsruhe Institute of Technology, 
 
Dan, Shovan; TIFR, Condensed Matter Physics and Materials Science;  
Barreteau, Celine; Institut de Chimie et des Materiaux Paris-Est
Crivello, Jean-Claude; Institut de Chimie et des Materiaux Paris-Est
Jha, Shambhu; Bhabha Atomic Research Centre, Trombay, Applied 
Spectroscopy Division
Avdeev, Maxim; Australian Nuclear Science and Technology Organisation 
(ANSTO), Australian Centre for Neutron Scattering
Dibyendu, B.; Bhabha Atomic Research Centre, 
Paul-Boncour, Valérie; Université Paris-Est, Institut de Chimie et des 
Matériaux Paris-Est, UMR 7182 CNRS UPEC, 2 rue H. Dunant, 94320 
Thiais, France
Mazumdar, Chandan; Saha Institute of Nuclear Physics, Condensed 
Matter Physics Division

 

Journal of Materials Chemistry C



Journal Name

CoMnCrGa: A Novel Ferromagnetic Material with High
Spin-Polarization for Room Temperature Spintronics†

Shuvankar Guptaa, Sudip Chakrabortya, Vidha Bhasinb, Santanu Pakhirac, Shovan Dand ,
Celine Barreteaue, Jean-Claude Crivelloe, S.N. Jha f , Maxim Avdeevg,h, D. Bhattacharyyab,
V. Paul-Boncoure, and Chandan Mazumdara,∗

Here, we report synthesis of a novel quaternary Heusler alloy CoMnCrGa and its structural, magnetic,
transport and electronic properties using both experimental and theoretical methods. DFT calcula-
tions on ordered crystal structure with specific atomic positions (Ga at 4a, Mn at 4b, Cr at 4c and Co
at 4d) reveals a half-metallic ferromagnetic (HMF) ground state having a very high spin polarization
of 96.1%. In this work we show that despite having a mix of Mn (4b) and Cr (4c) atoms, CoMn-
CrGa exhibits all the signatures of HMF characteristic, viz., adherence to Slater-Pauling (S-P) rule
to isothermal saturation magnetization and absence of magnon scattering in temperature dependent
resistivity data. Given its high TC (∼ 807 K), low magnetic moment and very high spin-polarization,
the compound is a promising candidate for room temperature spintronics applications.

1 Introduction

Spintronics is a promising area of research for creating more effi-
cient and powerful nanoelectronics. It aims to reduce power con-
sumption and enhance memory and processing capabilities1–4.
Materials with high spin-polarization are considered ideal for use
in spintronics technology5. Half-metallic ferromagnetic (HMF)
materials offer 100% spin polarization because of their unique
band structure, where one sub-band conducts like a metal and
the other acts like a semiconductor6–9. This unique band struc-
ture of HMF have made them attractive for a wide range of appli-
cations, including spintronics, data storage, magnetic sensors5,
spin valves10, spin injectors11, and magnetic tunnel junctions12.
Out of different existing classes of HMF materials, Heusler alloys
occupy a very special place as their electronic structure can be
tuned over a wide range by appropriate elemental substitution
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at different crystal sites. Heusler alloys are generally denoted by
the formula X2YZ, where X and Y are transition elements and Z
is from the s-p group element. These alloys have a L21 crystalline
structure (Cu2MnAl-type), in which the X, Y, and Z atoms occupy
8c, 4b, and 4a sites, respectively, in the Fm3̄m space group (no.
225)13. If one of the X atoms from X2YZ is swapped with a differ-
ent transition element (X ′), it will result in a quaternary Heusler
alloy with a Y-type crystal structure (LiMgPdSn type, space group:
F4̄3m, no. 216)14–17. As a result of this substitution, the crystal
structure transforms to a lower symmetry space-group, where the
8c site in Fm3̄m space group splits into 4c and 4d sites in F4̄3m
space group. Recently, quaternary Heusler alloys attracted a lot of
attention of the research community due to their HMF18–22, spin-
gapless semiconductors23–28, spin-semimetal29, spin glass30, re-
entrant spin glass31 and bipolar magnetic semiconducting prop-
erties32. However, the structural disorder, which is quite inher-
ent for Heusler alloy, is known to have a significant impact on
the magnetic as well as the electronic structure. The electronic
structure of a material is altered by disorder, which changes the
density of states, generates local magnetic moments, and nar-
rows the band gap in the half-metallic ferromagnetic materials.
These changes result in a reduced magnetic moment, lower mag-
netic ordering temperature31,33, weakened magnetic anisotropy,
and decreased electrical conductivity. It makes sense that in or-
der to preserve the half-metallic ferromagnetic properties, either
the compound must be synthesized without defects or one must
find compounds where the properties are resilient to disorder.
However, it is crucial to note that while theoretical predictions
are promising22,34–39, there are many more factors that are to
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be considered before the experimental realizations of materials
that can have potential for technological applications. Addition-
ally, many of the predicted systems do not even form in single
phase, and to the best of our knowledge, only few such com-
pounds have been experimentally realized so far. Recently, FeMn-
VAl19 and FeMnVGa20 were found to show robust half-metallicity
even in the presence of structural disorder. However, the Curie
temperature for FeMnVAl is 213 K and for FeMnVGa is close to
room temperature (293 K). For practical applications at room
temperature, compounds having high transition temperature are
highly desirable. In this study, we have reported a novel quater-
nary Heusler alloy CoMnCrGa, having the valence electron count
(VEC) 25. Combining different experimental tools and theoreti-
cal DFT calculations, we have shown that the compound exhibits
half-metallic ferromagnetic character despite having site disorder
between Mn and Cr atomic sites. The compound orders ferro-
magnetically at a very hight temperature, 807 K, and hence is
perfectly suitable for room temperature practical application in
spintronics.

2 Methods

2.1 Experimental

The CoMnCrGa polycrystalline material was synthesized through
an arc melting process utilizing high purity (>99.9%) constituent
elements. An extra 2% of Mn was added to make up for its evap-
oration during the process. To enhance homogeneity, the sample
was melted 5-6 times in an argon environment and turned over
after each melting. Both neutron and X-ray diffraction techniques
were used to characterize the sample’s crystal structure at room
temperature. The powder neutron diffraction data with λ = 2.43
Å was collected at 300 K at the ECHIDNA beamline in ANSTO,
Australia40. Room temperature powder X-ray diffraction pattern
was obtained using a X-ray diffractometer (TTRAX-III, Rigaku
Corp., Japan) with Cu-Kα radiation. The single-phase nature and
crystal structure of the sample were determined through Rietveld
refinement41 of both the neutron and X-ray diffraction data using
the FULLPROF software. Extended X-ray absorption fine struc-
ture (EXAFS) was obtained at the Energy Scanning EXAFS beam-
line (BL-9) located at the Raja Ramanna Centre for Advanced
Technology (RRCAT) in Indore, India. Standard EXAFS measure-
ments protocols have been used as detailed elsewhere20,31. High-
temperature VSM (Model EV9, MicroSense, LLC Corp., USA) was
used to measure the magnetization (M) vs. temperature (T) in
the range of 300–900 K. M vs. field (H) measurement was car-
ried out using superconducting quantum interference vibrating
sample magnometer (Quantum design Inc.,USA) in the magnetic
fields up to ±70 kOe at 5 K. Four-probe resistivity measurement
in the absence of magnetic field was carried out in a Physical
Property Measurement System (Quantum Design Inc., USA).

2.2 Computational

The enthalpy of formation, electronic structure and spin polar-
ization at 0 K had been determined through DFT calculations us-
ing the projector augmented wave (PAW) method42 implemented
in the Vienna ab initio simulation package (VASP)43,44. The

Table 1 Different types of ordered structure of CoMnCrGa

4a 4b 4c 4d
Type 1 Ga Cr Mn Co
Type 2 Ga Mn Cr Co
Type 3 Ga Co Mn Cr

exchange-correlation was described by the generalized gradient
approximation modified by Perdew, Burke and Ernzerhof (GGA-
PBE)45. Calculations parameters were discussed in detail else-
where in literature19,20,31.

3 Results and discussion

3.1 Electronic band structure calculations
There are four different crystallographic sites in a quaternary
Heusler XX ′YZ: 4a (0,0,0), 4b (0.5,0.5,0.5), 4c (0.25,0.25,0.25)
and 4d (0.75,0.75,0.75). In most cases, the sp element Z occupies
the 4a position and the transition metals are located on the other
three sites. In total, 6 configurations are possible but the permuta-
tion of the atoms in the 4c and 4d positions leads in energetically
invariant configurations. Hence, only three independent configu-
rations have been calculated. These configurations are defined as
Type-1, 2 and 3 and described in Table 1. The DFT calculations
allow to determine the most stable structure by comparing their
enthalpies of formation.

According to our calculations on the ordered structure, Type-2
is the most stable configuration, with Ga in the 4a position and
Mn in the 4b position, Cr at 4c and Co at the 4d position. Fig. 1
shows for the calculated spin-polarised band structure and the
density of states (DOS) for the Type-2 configuration. As shown in
the DOS, the spin-down band exhibits a band gap at the Fermi
level (EF) where the spin-up band is typical of a metal. This
unique band structure corresponds to that of a Half-Metallic Fer-
romagnetic material. This result is confirmed by the very high

polarisation of the compound, P =
DOS↑(EF)−DOS↓(EF)

DOS↑(EF)+DOS↓(EF)
= 96.1%.

The total magnetic moment is estimated to be 1.06 µB which is
in accordance with the Slater-Pauling rule46–48. Fig. 2 represents
the partial density of states for the studied compound. The ele-
ment specific magnetic moments are estimated to be Cr: -2.47 µB

Co: 0.70 µB Mn: 2.88 µB and Ga: -0.05 µB.

3.2 Neutron diffraction
All the constituents elements (Co, Mn, Cr and Ga) of the stud-
ied compounds belongs from the same row of periodic table and
have close-by X-ray scattering factors. As a result, X-ray diffrac-
tion (XRD) data is not likely to be reliable for determining the
actual crystal structure (discussed in detail in Sec. 3.3). Extended
X-ray fine structure (EXAFS) measurement, however can satis-
factorily provide the information about the crystalline disorder,
particularly when the disorder is of B2 type49,50. On the other
hand, EXAFS fails when the disorder is of DO3 type51. Neu-
tron diffraction have already proved their merits for such dif-
ficult cases20,31,33,52,53. Fig. 3 represents the powder neutron
diffraction pattern taken at 300 K. For Heusler alloys, presence of
(111) and (200) Bragg peaks in the diffraction pattern are gener-
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(a) Minority Spin (b) Density of states (c) Majority Spin 

Fig. 1 Spin-polarized band structure and density of states of CoMnCrGa in ordered Type 2 structure: (a) minority spin band (b) density of states, (c)
majority spin band.

Fig. 2 Electronic DOS (total and partial) of CoMnCrGa.

ally considered to be indicative of well-ordered crystal structure.
As it can be clearly seen in the diffraction pattern of CoMnCrGa
(Fig. 3), both the above mentioned peaks are present, indicating
towards an ordered structure. However, despite the presence of
(111) and (200) Bragg peaks, the intensities of all the experimen-
tal data cannot be described by a simple ordered Type-2 structure,
as proposed by DFT calculation (Sec. 3.1) in which Ga is at 4a,
Mn at 4b, Cr at 4c and Co at 4d (space group: F4̄3m, no. 216).
We have tried different combinations of anti-site and swap dis-
order to fit the diffraction data. A swap disorder of 55:45 be-
tween Mn (4b) and Cr (4c) sites in the space group: F4̄3m fits
the experimental data very well. The disordered structure is pre-
sented in Fig. 4. The shape of the peak is not very well fitted,
this can result from some anisotropic peak broadening related to
the Mn/Cr disorder. It may however be noted that, as we will
see later (Sec. 3.6), the compound orders magnetically at 807 K,
and hence the ND spectra at 300 K would also consists of mag-
netic contribution. However, for a VEC 25 compound, as is the
case of CoMnCrGa, the S-P rule suggests the maximum magnetic
moment to be 1 µB/f.u. (Sec. 3.6). The contribution to magnetic
Bragg peaks are not known to yield more than 2-3% of nuclear
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Fig. 3 Rietveld refinement of the neutron diffraction pattern (taken at
300 K) of CoMnCrGa, considering the crystal structure only.

Bragg peaks20,31,33. Therefore, our analysis of ND spectra at 300
K considering only the lattice Bragg contributions would not be
far off from that expected for a paramagnetic state.

3.3 X-ray diffraction

We have also measured the XRD pattern at room temperature and
analysed the data, to check the structural model derived from the
neutron diffraction result. Moreover, the shorter wavelength used
in XRD measurement, in comparison to neutron diffraction mea-
surement, also helps us to determine the lattice parameter more
precisely. Very interestingly, the (111) and (200) Bragg peaks,
which are generally considered to be indicative of crystal order
and prominently present in the ND data (Fig. 3), are almost com-
pletely absent in XRD data. A simulation of XRD pattern consid-
ering the perfectly ordered Type-2 structure (Fig. 5) also does not
show these Bragg peaks any prominently due to the close by X-
ray scattering factors of the constituents elements. The scattering
factor for (111) and (200) planes can be written as30
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Fig. 4 Atomic arrangements in disordered structure. Grey, blue, olive
and blue color represents Ga, Co, Cr and Mn atoms respectively.
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Fig. 5 Rietveld refinement of the powder XRD pattern of CoMnCrGa
assuming disordered structure & ordered structure measured at room
temperature. The two fits got overlapped and remain essentially indis-
tinguishable. Bragg peaks are mentioned in vertical first bracket.

F111 = 4( fZ − fY )− i( fX − fX ′))

F200 = 4[( fZ + fY )− ( fX + fX ′)]

Since all the elements of CoMnCrGa belongs to the same row of
the periodic table, fZ - fY ≈ 0, fX - fX ′ ≈ 0, fZ + fY ≈ fX + fX ′ .
Because of the very faint or non-discernible nature of (111) and
(200) peaks in the simulated diffraction pattern of the ordered
structure, the experimental XRD pattern can be explained well
with ordered structure. However, the XRD analysis also shows al-
most equally good fit, if not slightly better, if we use the structural
model obtained from neutron diffraction analysis. Since the disor-
dered structure can simultaneously explain both the ND as well as
XRD data, one is inclined to rely on the structural model obtained
from analysis of ND data. Fig. 5 represents the Rietveld refine-

ment of the powder XRD data assuming the disordered structure
taken at room temperature. The lattice parameter is found to be
a = 5.841(3) Å.

3.4 Transmission electron microscopes (TEM) Analysis and
Chemical Composition

Fig. 6(a) represents Transmission Electron Microscopy (TEM) im-
age, replete with discernible thickness fringes traversing the mi-
crograph. This portrayal exposes intricate nanoscale structural
features. The selected area electron diffraction (SAED) pattern
from a region marked by a dotted circle is shown in Fig. 6(b),
which indicates the single crystalline nature of the material.
SAED was indexed using the lattice parameters of cubic crystal
structure (lattice parameters, a = 5.841 Å). To investigate the
chemical composition of the compound, we have performed en-
ergy dispersive X-ray spectroscopy (EDX) in high-angle annular
dark field (HAADF) scanning transmission electron microscopy
(STEM-HAADF) mode. Fig. 6(c) shows the STEM-HAADF im-
age, and Fig. 6(d) showing EDX spectrums take at point 1 in-
dicated in Fig. 6(c), clearly showing the presence of Co, Mn, Cr
and Ga. Fig. 6(e) represents the EDX line-profile analysis per-
formed along Line 2 in image Fig. 6(c). For a detailed distribu-
tion of atomic content, elemental mapping of Co, Mn, Cr and Ga
were performed using drift corrected EDX spectrum imaging us-
ing STEM-HAADF mode. The STEM-HAADF image in Fig. 6(c)
and the corresponding chemical maps from orange-boxed region
(marked 3 in Fig. 6(c)) for Co, Mn, Cr and Ga acquired using Co-
L, Mn-K Cr-K and Ga-K energy and overlay of three images are
presented in Fig. 6(f), respectively. Composite maps of Co, Mn,
Cr and Ga were presented in Fig. 6(f) confirm the single phase
nature of the material with stoichiometry Co0.98MnCr0.9Ga0.92.

3.5 EXAFS

In our studied compound, the structural disorder is neither B2-
type nor DO3-type. To get any insight of structural disorder be-
tween Mn (4b) and Cr (4c) atoms, we have probed the system us-
ing EXAFS, which in contrast to XRD, concentrates on the atomic
surroundings of the chosen atoms. In order to study the local
environment of the Co, Mn, and Cr edges, we performed EXAFS
measurements on CoMnCrGa.

The normalized EXAFS ((µ(E) versus E) spectra, measured at
the Co, Mn, and Cr edges, are shown in Fig. 7. The conven-
tional technique was followed in processing the analysis of the
EXAFS data54. Briefly, the absorption spectra (µ(E) vs E) have
been transformed to the absorption function χ(E) given as fol-
lows to get quantitative information on the local structure.

χ(E) =
µ(E)−µ0(E)

∆µ0(E0)
(1)

where µ0(E0) is the background made up entirely of bare atoms,
∆µ0(E0) is the absorption edge step in µ(E) value, and E0 is the
absorption edge energy. The following relation converts the en-
ergy dependent absorption coefficient χ(E) to the wave number
dependent absorption coefficient:
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(a) (b) 

(c) 
(d) 
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Ga-K (f) Co-K Cr-K Mn-K Composite 

(C)  (e) 

Fig. 6 (a) TEM image (thickness fringes running over the image) (b) Selected area electron diffraction (c) Scanning TEM-High angle annular dark-field
image (d) Energy dispersive X-ray (EDX) spectrum from point 1 (e) EDX line-profile from line 2 in (c) (f) Elemental mapping from area 3 in (c).

K =

√
2m(E −E0)

h̄2 (2)

where m is the mass of an electron. To increase the oscillation at
high k, χ(k) is weighted by k2, and the resulting χ(k)k2 functions
are then Fourier converted in R space to produce the χ(R) versus
R plots in terms of the actual distances from the absorbing atom’s
center. The aforementioned data reduction, which includes back-
ground reduction and Fourier transformation, was carried out us-
ing the ATHENA subroutine, which is a component of the Demeter
software package55. The CoMnCrGa sample’s Fourier converted
EXAFS spectra at the Co, Mn, and Cr edges are presented in Fig. 8
as χ(R) versus R plots.

The goodness of fit has been determined by the value of the
R f actor defined by:

R f actor =
[Im(χdat (ri)−χth(ri)]

2+[Re((χdat (ri)−χth(ri)]
2]2

[Im(χdat (ri)]2+[Re(χdat (ri)]2
(3)

where, χdat and χth refer to the experimental and theoretical val-
ues respectively and Im and Re refer to the imaginary and real
parts of the respective quantities. The Demeter software pack-

age’s ATOMS and ARTEMIS subroutines have been used to gen-
erate theoretical routes from crystallographic structures and fit
experimental data to theoretical simulations, respectively. The
best fit of theoretical spectra and experimental data are shown
together in Fig. 8, and the best fit parameters are included in
Table 2. EXAFS data can be fitted very well assuming Type-2 or-
dered structure. As mentioned earlier (Sec. 3.2), since the struc-
tural disorder we derive from the analysis of ND data is not of B2
type, EXAFS analysis can not detect the atomic disorder present
in the system due to the close by scattering factors between Mn
and Cr atoms.

3.6 Magnetic properties

DFT calculations suggest that the ground state of CoMnCrGa is
half-metallic ferromagnetic. To check whether the compound re-
ally orders ferromagnetically or not and also to determine the
magnetic ordering temperature, if any, we have measured tem-
perature dependence of the magnetization (M) in presence of
100 Oe applied magnetic field. Indeed, the compound orders fer-
romagnetically, and the Curie temperature is found quite high,
∼807 K, making it suitable for any ferromagnetic application at
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Table 2 Bond length (R), coordination number (N), and Debye-Waller or disorder factor (σ2) obtained by EXAFS fitting for CoMnCrGa at Co, Mn
and Cr edge.

Co edge Mn edge Cr edge

Path R (Å) N σ2 Path R (Å) N σ2 Path R (Å) N σ2

Co-Cr 2.42±0.01 4 0.0277±0.0030 Mn-Ga 2.42±0.01 4 0.0143±0.0022 Cr-Mn 2.42±0.01 4 0.0143±0.0022
Co-Ga 2.42±0.01 4 0.0060±0.0009 Mn-Cr 2.42±0.01 4 0.0277±0.0030 Cr-Co 2.42±0.01 4 0.0277±0.0030
Co-Mn 2.82±0.01 6 0.0062±0.0010 Mn-Co 2.82±0.01 6 0.0062±0.0010 Cr-Ga 2.81±0.01 6 0.0062±0.0010
Co-Co 4.10±0.01 12 0.0168±0.0024 Mn-Mn 4.14±0.01 12 0.0182±0.0043 Cr-Cr 4.12±0.04 12 0.0182±0.0043
Co-Cr 4.88±0.04 12 0.0109±0.0068 Mn-Ga 4.92±0.01 12 0.0160±0.0033 Cr-Mn 4.89±0.02 12 0.00160±0.0033
Co-Ga 4.88±0.04 12 0.0091±0.0050 Mn-Cr 4.92±0.01 12 0.0083±0.0012 Cr-Co 4.89±0.02 12 0.0083±0.0012

room temperature. The other theoretical prediction, i.e. the pres-
ence of HMF state can be also checked by measuring the satura-
tion magnetization at low temperature. All the known Heusler
based HMF materials are known to follow the Slater-Palling (S-P)
rule, which relates the total valence electron count (VEC) with the
saturation magnetization. The S-P rule states that the total mag-
netic moment for Heusler alloy can be expressed as m = (VEC-24)
µB. Since CoMnCrGa has VEC 25, the S-P rule predicts the sat-
uration moment to be (25-24 =) 1 µB/f.u. The experimentally
observed saturation magnetization measured at 5 K (Fig. 10) in-
deed matches very closely to the theoretically predicted S-P rule
with 1 µB/f.u. This value is also in agreement with the DFT cal-
culation (Sec. 3.1), suggesting CoMnCrGa to have a half-metallic
ferromagnetic ground state.

3.7 Resistivity

HMF materials are also known to show their signatory imprint
on the electrical transport properties19,20,56. We have measured
resistivity, ρ(T), in the temperature regime 5-300 K (Fig. 11).
The residual resistivity ratio (RRR=ρ300K/ρ5K) found to be
quite low, ∼1.05, similar to that reported earlier in many other
HMF Heusler alloys19,20,57,58. However, in the present case,
the ρ(T) behaviour shows an additional broad minima near 60
K, followed by a slow upturn at further lower temperatures.
Such behaviour is generally attributed to the disorder-induced
coherent scattering of conduction electrons, known as weak
localization59, and also reported in several Heusler alloys60–63.

To analyze the ρ(T) data over the whole temperature range, we
have followed the Matthiessen’s rule covering various contribut-
ing factors in a ferromagnetic material15. The said rule considers
all the scattering processes to be independent of one another and
additive. Accordingly, the total resistivity can be expressed as

ρ(T ) = ρ0 +ρP(T )+ρM(T ) (4)

where ρ0 is the residual resistivity resulting from lattice flaws,
irregularities, etc., and ρP(T) and ρM(T) are temperature-
dependent factors, representing phonon scattering and magnon
scattering, respectively. The phonon scattering term is generally
written as

ρP = A
(

T
ΘD

)5 ∫ ΘD
T

0

x5

(ex −1)(1− e−x)
dx (5)

where A is the phonon scattering constant and ΘD is the De-

bye temperature64. The standard magnon contribution due to
spin-flip scattering (∼T2) are generally not found for HMF mate-
rials, as one of the sub-spin band do not have any influence to
charge conduction19,20. Considering the aforementioned infor-
mation and taking the magnon contribution to be zero, we have
first tried to fit the resistivity data using eqn. 4. The theoretically
generated data fit the experimental data very well in the region
300-100 K, however it fails to trace the experimental data in the
low temperature region (5-100 K). The non-adherence of ρ(T) to
eqn. 4 is due to the development of another contribution to re-
sistivity at lower temperature that causes a slow upturn in ρ(T),
below 60 K as described earlier in the beginning of this section.
To fit the low temperature resistivity data we have used another
following equation

ρ(T ) = ρ0 −BT 1/2 +CT 5 +DT 2 (6)

where -BT1/2 arises due to the disorder increased coherent scat-
tering of conduction electrons59, CT5 is the low temperature
phonon contribution (can be easily derived from eqn. 5 for low
temperature approximation) and DT2 is the electron-electron
scattering. The eqn. 6 fits the experimental data well in the low
temperature regime (inset of Fig. 11). The absence of magnon
contribution in the temperature dependent resistivity data indi-
rectly suggests towards presence of half-metallic ferromagnetic
ground state.

3.8 Anomalous Hall measurement

Hall measurements were conducted over a temperature range
spanning from 5–300 K to investigate the charge transport char-
acteristics of CoMnCrGa. Generally, the total Hall resistivity (de-
noted as ρH) can be divided into two components: the ordinary
Hall effect and the anomalous Hall effect (AHE). Mathematically,
it can be expressed as65:

ρH = R0H +RSMS (7)

Here, R0 represents the ordinary Hall coefficient, RS is the anoma-
lous Hall coefficient, and MS signifies the saturation magnetiza-
tion. The product RSMS quantifies the magnitude of the anoma-
lous Hall resistivity (ρAH). Field-dependent data for ρH were
recorded at various temperatures, up to a maximum magnetic
field of 70 kOe, as depicted in Fig 12(a). The ρAH exhibits a
sharp increase up to a 3 kOe magnetic field due to the AHE. At
higher magnetic field strengths (> 3 kOe), ρAH exhibits a linear
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4

dered Type-2 structure (Fig. 3) also does not show these
Bragg peaks any prominently due to the close by X-ray
scattering factors of the constituents elements. The scat-
tering factor for (111) and (200) planes can be written
as [24]

F111 = 4(fZ − fY )− i(fX − fX′))

F200 = 4[(fZ + fY )− (fX + fX′)]

Since all the elements of CoMnCrGa belongs to the same
row of the periodic table, fZ - fY ≈ 0, fX - fX′ ≈ 0,
fZ + fY ≈ fX + fX′ . Because of the very faint or non-
discernible nature of (111) and (200) peaks in the sim-
ulated diffraction pattern of the ordered structure, the
experimental XRD pattern can be explained well with or-
dered structure. However, the XRD analysis also shows
almost equally good fit, if not slightly better, if we use the
structural model obtained from neutron diffraction anal-
ysis. Since the disordered structure can simultaneously
explain both the ND as well as XRD data, one is inclined
to rely on the structural model obtained from analysis of
ND data. Fig. 3 represents the Rietveld refinement of
the powder XRD data assuming the disordered structure
taken at room temperature. The lattice parameter is
found to be a = 5.841(3) Å.

D. EXAFS

In our studied compound, the structural disorder is
neither B2-type nor DO3-type. To get any insight of
structural disorder between Mn (4b) and Cr (4c) atoms,
we have probed the system using EXAFS, which in con-
trast to XRD, concentrates on the atomic surroundings
of the chosen atoms. In order to study the local environ-
ment of the Co, Mn, and Cr edges, we performed EXAFS
measurements on CoMnCrGa.

The normalized EXAFS ((µ(E) versus E) spectra, mea-
sured at the Co, Mn, and Cr edges, are shown in Fig. 4.
The conventional technique was followed in processing
the analysis of the EXAFS data [42]. Briefly, the absorp-
tion spectra (µ(E) vs E ) have been transformed to the
absorption function χ(E) given as follows to get quanti-
tative information on the local structure.

χ(E) =
µ(E)− µ0(E)

∆µ0(E0)
(1)

where µ0(E0) is the background made up entirely of bare
atoms, ∆µ0(E0) is the absorption edge step in µ(E )
value, and E0 is the absorption edge energy. The fol-
lowing relation converts the energy dependent absorption
coefficient χ(E ) to the wave number dependent absorp-
tion coefficient:

K =

√
2m(E − E0)

ℏ2
(2)
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FIG. 4. Normalized EXAFS spectra of CoMnCrGa taken at
(a) Co edge (b) Mn edge and (c) Cr edge.

Fig. 7 Normalized EXAFS spectra of CoMnCrGa taken at (a) Co edge
(b) Mn edge and (c) Cr edge.
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FIG. 5. Fourier transformed EXAFS spectra of CoMnCrGa
taken at Co, Mn and Cr edges.

where m is the mass of an electron. To increase the
oscillation at high k, χ(k) is weighted by k2, and the re-
sulting χ(k)k2 functions are then Fourier converted in
R space to produce the χ(R) versus R plots in terms
of the actual distances from the absorbing atom’s cen-
ter. The aforementioned data reduction, which includes
background reduction and Fourier transformation, was
carried out using the ATHENA subroutine, which is a
component of the Demeter software package [43]. The
CoMnCrGa sample’s Fourier converted EXAFS spectra
at the Co, Mn, and Cr edges are presented in Fig. 5 as
χ(R) versus R plots.
The goodness of fit has been determined by the value

of the Rfactor defined by:

Rfactor = [Im(χdat(ri)−χth(ri)]
2+[Re((χdat(ri)−χth(ri)]

2]2

[Im(χdat(ri)2]+[Re(χdat(ri)2]

(3)
where, χdat and χth refer to the experimental and the-
oretical values respectively and Im and Re refer to the
imaginary and real parts of the respective quantities. The
Demeter software package’s ATOMS and ARTEMIS sub-
routines have been used to generate theoretical routes
from crystallographic structures and fit experimental
data to theoretical simulations, respectively. The best fit
of theoretical spectra and experimental data are shown
together in Fig. 5, and the best fit parameters are in-
cluded in Table II. EXAFS data can be fitted very well
assuming Type-2 ordered structure. As mentioned ear-
lier (Sec. III B), since the structural disorder we derive
from the analysis of ND data is not of B2 type, EXAFS
analysis can not detect the atomic disorder present in the
system due to the close by scattering factors between Mn
and Cr atoms.

E. Magnetic properties

DFT calculations suggest that the ground state of
CoMnCrGa is half-metallic ferromagnetic. To check
whether the compound really orders ferromagnetically or
not and also to determine the magnetic ordering temper-
ature, if any, we have measured temperature dependence
of the magnetization (M ) in presence of 100 Oe applied
magnetic field. Indeed, the compound orders ferromag-
netically, and the Curie temperature is found quite high,
∼807 K, making it suitable for any ferromagnetic applica-
tion at room temperature. The other theoretical predic-
tion, i.e. the presence of HMF state can be also checked
by measuring the saturation magnetization at low tem-
perature. All the known Heusler based HMF materials
are known to follow the Slater-Palling (S-P) rule, which
relates the total valence electron count (VEC) with the
saturation magnetization. The S-P rule states that the
total magnetic moment for Heusler alloy can be expressed
as m = (VEC-24) µB . Since CoMnCrGa has VEC 25,
the S-P rule predicts the saturation moment to be (25-
24 =) 1 µB/f.u. The experimentally observed saturation
magnetization measured at 5 K (Fig. 7) indeed matches
very closely to the theoretically predicted S-P rule with

Fig. 8 Fourier transformed EXAFS spectra of CoMnCrGa taken at Co,
Mn and Cr edges.
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Fig. 10 Isothermal magnetization of CoMnCrGa measured at 5 K.

increase with a positive slope, which is attributed to the ordinary
Hall effect. To distinguish between the ordinary and anomalous
Hall contributions, we applied a fitting procedure using Eqn. 7
in the high-field region. This fitting yielded the values of R0 and
RSMS, corresponding to the slope and intercept on the y-axis of
the fitted line, respectively.

The consistently positive value of R0 across the entire tempera-
ture range (5–300 K) suggests that holes are the dominant charge
carriers in the transport process. The carrier concentration (n),
determined by the expression n = 1

eR0
, was found to be 1022, and

its temperature dependence is illustrated in the inset of Fig 12(a).
The Hall conductivity (σH) was determined using the equation66:

σH =
ρH

(ρH 2+ρxx2)
(8)

The field-dependent Hall conductivity taken at various temper-
atures are presented in Fig 12(b), where the anomalous Hall con-
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Fig. 11 Temperature dependence of the electrical resistivity measured in
the absence of magnetic field in the temperature range 5−300 K.

ductivity (AHC) were determined by extrapolating the high-field
Hall conductivity data to zero field. The obtained value of AHC is
22 S/cm at 5 K. To discern the individual contributions of extrin-
sic and intrinsic mechanisms to the overall AHC, we analyzed the
ρAH
ρxx

versus ρxx data (depicted as blue triangles in Fig 12(d)) and

fitted it with the following relation67:

ρAH

ρxx
= a+bρxx (9)

In this equation, the parameters a and b contain information
about extrinsic skew scattering and the combined effects of ex-
trinsic side jump and intrinsic contributions, respectively. The
fitting yielded values of a = −0.001 and b = 28 S/cm. The nega-
tive value of coefficient a implies that the extrinsic skew scatter-
ing contribution opposes both the side jump and intrinsic contri-
butions due to momentum space Berry curvature. The parame-
ter b encompasses the contributions to AHC from both the side
jump and momentum space Berry curvature. By using these co-
efficients a and b, we calculated the skew scattering term (aρxx)
and the intrinsic plus side jump term (bρxx

2) and plotted them
on the same scale, as shown in Fig 12(c). It is evident that the
side jump, in conjunction with the intrinsic contribution, dom-
inates over the skew scattering contribution in the overall AHE
within the temperature range of 5–300 K. The AHC arising from
the side jump mechanism can be approximated using the expres-
sion e2

ha . Eso
EF

where Eso represents the spin-orbit interaction energy,

and EF is the Fermi energy68,69. It is worth noting that Eso
EF

is typ-
ically less than 0.01 for ferromagnetic metals, indicating that the
intrinsic Berry-phase-driven contribution predominantly governs
the AHC, which is also evident from Fig 12(c).

4 Conclusion
To summarize, the structural, electronic, magnetic, and transport
properties of a new quaternary Heusler alloy CoMnCrGa were in-
vestigated using both experimental and theoretical methods. First
principle calculations reveals half-metallic ferromagnetic ground
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Fig. 12 (a) Field-dependent Hall resistivity curves at different temperatures. Inset shows temperature variations of carrier concentration (b) Field-
dependent Hall conductivity curves at different temperatures. (c) Different contributions in ρAH with temperature are plotted on the same scale. (d)
Fitting of the ratio of anomalous Hall resistivity and longitudinal resistivity.

state in this material. Neutron diffraction experiment reveals
that the compound crystalizes in disordered structure in which
Mn (4b) and Cr (4c) atoms mixes with each other in 55:45 ra-
tio. Despite the structural disorder, the material is found to order
ferromagnetically at a very high temperature (∼807 K) and the
total saturation magnetization follows the S-P rule, commensu-
rate with the HMF characteristics predicted from DFT calculation.
The absence of magnon contribution in the resistivity data further
supports the presence of HMF state. High value of the TC along
with high spin polarized ferromagnetic state in this structurally
disordered compound makes it perfectly suitable for for practical
application in the field of room temperature spintronics. The low
magnetic moment of CoMnCrGa is also advantageous for spin-
tronics applications. It results in a negligible stray magnetic field,
which is desirable in devices where magnetic interference needs
to be minimized. Additionally, a lower switching current is re-
quired to flip the spin direction of this alloy, enhancing its energy
efficiency.
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